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ABSTRACT 


A  Dobson  double  -  quarts  spectrophotometer  has  been  put  in 
operation,  and  used  to  measure  the  total  atmospheric  ozone 
at  Edmonton,  Alberta,  for  the  period  August  2,  1950,  throu¬ 
gh  February  29,  1952.  Observations  have  been  made  on  the 
spectrum  of  direct  sunlight,  on  the  clear  zenith  sky,  and 
on  cloudy  zenith.  The  first  two  have  been  compared  to  test 
whether  empirical  charts  made  at  Oxford  are  applicable  to 
Edmonton.  The  usual  annual  variation  was  found  by  constr¬ 
ucting  a  curve  of  10-day  averages.  Departures  from  the 
average  were  correlated  with  surface  Low  and  High  Pressure 
Systems  by  a  new  method.  The  distribution  around  lows  shows 
the  importance  of  the  cold  front  as  the  boundary  of  a  relative¬ 
ly  high  ozone  region.  Investigations  of  Highs  show  that  the 
polar-continental  air  mass  causes  the  greatest  ozone  increases 
in  the  Edmonton  Area. 
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I.  Historical  IntroO  action: 


Since  the  early  days  of  spectroscopy  it  has  been  known  that  the 
solar  spectrum  is  cut  off  rather  abruptly  near  2900A  in  the  ultra¬ 
violet  region.  In  18*78  Cornu  suggested  that  this  was  due  to  absorpt¬ 
ion  in  the  terrestrial  atmosphere.  In  1880  Hartley  suggested  that  the 
absorption  was  due  to  ozone,  and  the  bands  which  he  discovered  lying 
between  2100A  and  3200A  were  named  after  him.  This  view  was  strength¬ 
ened  in  I89O  when  the  Huggins  bands  were  discovered  in  the  spectrum  of 
Sirius,  from  3200  -  3600A*  In  1917  Howler  and  Strutt  (Lord  Rayleigh) 
compared  the  ultra-violet  absorption  spectrum  of  Sirius  with  that  of 
ozone,  giving  conclusive  evidence  that  the  absorption  was  in  the 
terrestrial  atmosphere  and  that  ozone  was  the  gas  responsible. 

Since  1890  other  bands  of  ozone  absorption  have  been  discovered  in 
the  long  wavelength  regions*  The  Chappuis  band  system  extends  from 
4500  to  65OOA,  but  according  to  Colange  (I)  the  absorption  coefficient 
is  very  small.  The  band  systems  in  the  red  and  infra-red  have  been 
studied  by  Maris  (2)  and  also  by  Hettner,  Pohlmann  and  Schumacher  (3)* 
Three  band  systems  are  known  with  absorption  maxima  at  4.7yU  >  9.6^U 
and  14.1 ^  *  Again  absorption  coefficients  are  very  small  compared 
with  those  of  the  Hartley  bands. 

Natural  questions  asked  by  the  early  workers  were:  "How  much  ozone 
is  there,  and  where  in  the  atmosphere  is  it  located  ?"  Early  attempts 
were  made  to  extend  the  solar  spectrum  toward  the  ultra-violet  by  taking 
spectral  photographs  on  mountain  tops.  This  did  not  work,  and  in  1917 , 
Strutt  (Rayleigh)  made  the  first  quantitive  estimate  of  the  height  of 
the  ozone  layer  from  observations  on  the  rising  and  setting  sun.  He  con¬ 
cluded  that  it  lay  between  40  and  60  Km.  above  sea  level. 
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More  recent  and  improved  measurements  by  Gotz,  Meet  ham,  and  Dobson 
located  it  between  15  and  45  Km.,  with  a  maximum,  at  about  25  Km.  This 
was  directly  confirmed  by  sounding  balloon  experiments  up  to  31  Kin.  by 
E,  and  V.  H.  Eegener.  The  attached  spectrograph  (with  an  automatic 
recording  arrangement)  showed  that  as  the  balloon  rose  higher,  mere 
and  more  cf  the  ozone  was  left  below,  and  the  spectrum  gradually 
extended  toward  the  ultra-violet.  Similar  results  have  been  found, 
on  7-2  rochet  flights  carrying  the  same  type  of  recording  apparatus. 

Such  direct  investigations  are  made  only  infrequently  because  of  their 
great  cost. 

A  more  successful  method  was  initiated  by  Dobson,  who  developed  to  a 
high  degree  of  precision  the  technique  of  determining  from  the  absorption 
spectrum,  the  total  amount  of  ozone  in  the  air  column  above  the  observer. 

He  conceived  and  directed  a  measuring  program  (1925  -  1929),  which  showed 
up  the  large  -  scale  features  of  the  seasonal  and  geographical 
distribution  of  ozone.  He  also  discovered  large  day  -  to  -  day  variations 
about  the  monthly  means,  ¥rtiich  were  closely  connected  with  the  general 
weather  situation  at  the  earth’s  surface  (4)* 

While  Dobson’s  measuring  program  was  in  progress,  Gotz  and  Dobson  were 
attempting  to  determine  the  mean  height  and  vertical  distribution  of  the 
ozone.  The  best  results  were  obtained  by  the  Umkehr  method  of  Gotz  which 
is  described  below  in  section  3(c). 

In  summary,  the  ozone  in  the  atmosphere  is  of  the  greatest  importance 
because: 

(1)  Its  study  provides  methods  of  indirect  aerology. 

(2)  It  is  the  wave-length  range  around  JOQOA,  which  is  biologically 
important,  in  the  formation  of  vitamin  D,  production  of  erythema,  etc. 
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The  intensity  of  this  radiation  depends  on  the  ozone  content,  and  so 
the  seasonal  and  geographical  distribution  of  ozone  becomes  an  important 
study.  At  the  same  time  the  amount  of  ozone  is  always  sufficient  to  cut 
off  almost  completely  radiations  shorter  than  2900A,  which  are  potentially 
harmful • 

The  short  period  daily  fluctuations  are  less  important  biologically, 
but  wherever  extended  series  of  regular  observations  have  been  made,  they  have 
been  found  to  be  closely  connected  with  weather  conditions.  The  most 
important  new  contributions  in  this  thesis  are  a  new  method  of  correlating 
the  ozone  content  with  the  synoptic  weather  map,  and  applications  of  this 
method  to  19  months  observations  at  Edmonton.  These  observations  have  been 
made  with  a  Dobson  Double -Q,uaj?tz  Spectrophotometer,  which  was  purchased  by 
the  Meteorological  Service,  and  which  was  assembled  and  placed  in  operation 
by  the  writer  under  the  supervision  of  Dr.  E.  H.  G-owan. 

II.  Theories  of  Formation  and  Destruction  of  Ozone  in  the  Atmosphere 

An  important  development  after  Dobson* s  1930  measurements  was  the 
attempt  to  understand  the  presence  of  ozone  in  the  earth’s  atmosphere  in 
terms  of  photochemical  principles.  Chapman(5)  first  discussed  the 
photochemistry  involved,  and  showed  that  the  presence  of  ozone  could  be 
explained  by  the  action  of  ultraviolet  light  of  wave-length  less  than 
2400A  on  diatomic  oxygen,  as  follows: 

Oi  +  hi)  O  +  O  > 
o  ■+ 

where  M  represents  any  third  body,  needed  to  absorb  the  extra  energy  and 
momentum  in  a  three-body  collision. 
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The  collision  of  an  excited  oxygen  molecule  with  O2  can  also  produce 


ozone: 


Ot  4-  O3  4  Oj 

o  4  O,  03  +  A? 


In  the  first  reaction  an  O2  molecule,  which  has  been  excited  to  a  high 
energy  level  by  absorption  of  ultraviolet  light  reacts  with  a  normal 
molecule,  and  one  atom  is  transferred.  The  free  oxygen  atom  can  then  combine 
with  Oo  by  a  three-body  collision  process.  Kreusler  has  calculated  that 
these  reactions  start  at  about  45  Km.,  where  the  intensity  of  solar  ultra¬ 
violet  is  still  sufficient  to  cause  them,  and  where  the  density  is  large  enough 
that  three-body  collisions  are  reasonably  frequent.  This  is  higher  than  the 
ozone  maximum  at  22-25  Km, ,  and  it  is  thought  that  convection  currents  carry 
the  0^  down  to  the  lower  level. 

Ozone  is  destroyed  again  by  photo-dissociation,  and  also  by  collision 
with  atomic  oxygen.  Thus 

Q3  .f  la  T?  4  O  °r  O3  +  O  2-  &Z. 

It  has  been  observed  in  the  laboratory  that  the  longest  wavelength  which  can 
dissociate  ozone  is  11,  800A  (6).  However,  as  far  as  the  atmosphere  is 
concerned,  the  spectral  region  mainly  responsible  for  the  destruction  of 
ozone  is  that  of  the  Hartley  absorption  bands  (2100-3200A) * 

On  the  basis  of  these  two  mechanisms,  Wulf  and  Deming  (7)  calculated  an 
equilibrium  vertical  distribution  of  ozone,  which  is  in  good  agreement  with 
the  observed  average  distribution.  However,  they  showed  that  if  ozone  is 
transported  to  levels  below  the  normal  ozone  maximum  by  convection  or 
other  means,  it  may  persist  in  non- equilibrium  amounts  for  several  days, 
because  the  intensity  of  the  radiations  which  initiate  the  photochemical 
reactions  is  small. 


? 


.  i. 


5 


Hence  the  amount  of  ozone  tends  to  he  conserved  in  a  low  level  air  mass 
until  lost  through  chemical  decomposition*  Above  the  normal  ozone  level  the 
return  to  equilibrium  is  comparatively  rapid. 

III.  Iheoretical  Principles  of  Determining  Amount  and  Distribution  of  Ozone 

in  the  Atmosphere* 

(a)  The  symbols  used  throughout  this  thesis,  are  here  defined  in 
alphabetical  order: 

h  Mean  height  of  ozone  layer. 

In  I*  I"  Intensities  of  solar  radiation  in  the 

o,  o 

wavelengths  "X  >  ^  ,  respectively,  before 
absorption  by  the  earth’s  atmosphere. 

I, I*, I”  Intensities  of  the  same  wavelength  as  received  at 

the  surface  of  the  earth. 


Corresponding  intensities  in  scattered  skylight 
at  the  zenith. 


L 


o 


L1 


o 


L 

Lf 


-  kog  I0/I'0 

=  Log  I"  /!' 

o  < 

=  Log  I/I’ 

=  Log  I"/I» 


m  "Air-Mass” ,  that  is,  the  path-length  of  sunlight 

in  the  atmosphere,  referred  to  m^l,  for  standard 
atmospheric  pressure  at  vertical  incidence.  For 
the  turbid  layer,  which  is  always  near  the  ground, 
m=sec  Z 

N  Dial  reading  of  an  ideal  optical  wedge,  such  that 

N=  100(Lq-L)  at  the  standard  wavelengths. 
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Correction  applied  to  the  dial  readings  of  the  Dobson 
instruuBnt  to  convert  them,  at  the  standard  wave¬ 
length,  to  those  of  an  ideal  optical  wedge,  such  that 
(R-n) =  N. 

Dial  readings  on  the  instrument  when  comparing  the 
wavelengths  A  and  A  « 

Also  used  for  Radius  of  Earth. 

Dial  reading,  when  comparing  the  wavelengths  A  and  A 


Amount  of  ozone  in  the  atmosphere,  measured  in  cms.,  on 
the  supposition  that  all  the  ozone  is  concentrated  in  a 
layer  of  pure  gas  at  normal  temperature  and  pressure. 

Sun’s  zenith  distance  measured  from  the  earth’s  surface 

Sun’s  zenith  distance  measured  from  the  point  where 
the  observed  sunlight  pierces  the  level  of  the  centre 
of  gravity  of  the  ozone.  Uhis  is  generally  at  an 
altitude  above  20  Km. 


Absorption  co~ efficients  of  pure  ozone,  per  cm.,  at 
N.T.P.,  for  three  wavelengths  2  ,  'X  /I  « 


. 
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Coefficients  of  Rayleigh  scattering  by  molecules  in  pure 

ozone-free  air,  defined  by  log  e  I/I Q  'rri'  • 

The  different  values  of^  are  proportional  to  '/ %  *  • 

Coefficients  of  scattering  by  haze  particles  in  the  turbid 

layer,  for  which  the  )^Law  does  not  hold. 

£ 

Also  used  for  the  apparent  declination  of  the  aur. 

e 

Hour  angle  of  the  sun. 

Standard  wave-lengths,  the  comparison  of  which  gives  the 

ozone  content. 

A 

4 

Relative  path-length  of  sunlight  through  the  ozone,  the 

unit  being  the  path-length  for  vertical  incidence.  Jbi  is 

nearly  proportional  to  sec  Z* . 

Latitude  of  the  point  of  observation. 

(b)  Total  Ozone  Content: 

The  method  used  by  Fabry  and  Buisson,  and  further  developed  by  Dobson, 
to  determine  the  total  amount  of  ozone,  depends  on  measurements  of  the 
intensity  of  the  solar  spectrum  at  wave-lengths  for  which  the  absorption 
coefficients  of  ozone  are  known,  and  which  are  not  absorbed  by  other 
atmospheric  gases.  This  can  be  done  with  any  form  of  ultra-violet 
spectrometer ^  using  either  photographic  density  or  photo-electric  methods 
to  measure  the  intensity. 
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A  spectrograph,  modified  for  use  with  a  photomultiplier  tube  as 
detector  was  used  by  Filmer  at  the  University  of  Alberta  (8),  and  by 


8. 


the  writer  for  preliminary  investigations.  This  instrument  is  shown  in 
Fig.  I. 

For  one  given  wavelength, 3  ,  within  the  ozone  absorption  region, 

I  -  Loj  lo  -  ^2 1 - (0 

For  a  neighboring  wavelength  ),  subject  to  less  absorption 

by  ozone,  f 

lo)l  -  LojTo  -  S'^e-Z 

Then  the  effective  thickness  of  the  ozone  layer  is  given  by 

/o-4  _  0-/9'hrL  _  ff- £ _ t,; 

(c('  *')/*■ 

When  the  visibility  is  good,  J  r  £  7  ,  eliminating  the  third  term  of 
the  expression  for  x  (equation  (3)j* 


To  obtain  x  using  an  ordinary  photoelectric  spectrometer,  observations 
of  I  are  made  at  different  times  on  a  clear  day,  for  two  different  wave¬ 
lengths  and  .  A  slightly  different  form  of  equation  (3)  applies: 

L=  Lo  -  Cd-  elO-X^A,  -({S-/3’')™' - («1 

A  curve  of  /  rs yU-  is  plotted  for  the  day  in  question,  giving  a  curve  such 
as  (Cl)  in  Figure (2).  Then  by  adding  to  each  ordinate  the  corresponding 
value  of  m,  a  curve  (b)  is  obtained,  which  represents  the 

variation  of  LQ-(  )%jU.  with JLL  .  Extrapolation  to  /U  r  o  gives  the 

value  of  L  ,  and  x  can  be  obtained  either  from  equation  (4) ,  or  from  the 
slope  of  curve  (e),  Fig. 2. 


, 


j 


FIGURE  I  PHOTOELECTRIC  -  RECORDING  SPECTROMETER 


/.oj  Z/z 


Figure  2 


Extrapolation  to  obtain  LQ 


The  greatest  disadvantage  in  carrying  out  this  method  with  an 
ordinary  spectrophotometer  is  the  time  required  to  make  a  determination, 
during  which  it  must  be  assumed  that  the  ozone  is  constant*  Scattering 
within  the  instrument  must  also  be  reduced  to  a  minimum,  since  this  can 
be  a  serious  disturbance  in  a  spectral  region  which  is  of  low  light 
intensity. 

Dobson’s  double-quartz  spectrophotometer  is  particularly  designed  to 
avoid  these  errors*  It  is  described  in  detail  in  Section  4*  r£he  ratio 
L  is  obtained  from  this  instrument  by  rapidly  comparing  the  light  of  two 
wavelengths  2  and  by  means  of  a  photomultiplier  tube*  By  attenuation 
of  2  ' with  an  optical  wedge,  the  intensities  I  and  I*  are  made  equal.  The 
ratio  I/I’  is  therefore  determined  from  the  wedge  reading.  The  new 
instrument  is  sensitive  enough  that  this  ratio  can  be  obtained  by  observing 
the  zenith  sky  on  clear  or  cloudy  days,  as  well  as  direct  sunlight.  Other 
instruments  can  only  be  used  with  direct  sunlight. 

(c)  Vertical  Pi stribut 1  on :  The  Umkehr  Effect; 

G-otz*  method  of  determining  the  vertical  distribution  involves  measuring 
the  light  scattered  from  the  zenith  sky,  at  wave-lengths  2  and  2'  , 
when  the  sun  is  near  the  horizon.  In  direct  sunlight  the  intensity  ratio, 
1/1  ’ decreases  continuously  as  the  sun’s  zenith  distance  increases,  and  the 
path  length  through  ozone  increases.  The  corresponding  intensity  ratio, 
i/i*,  in  the  scattered  zenith  light  behaves  in  the  same  way  when  the  sun 
is  high.  However,  the  scattering  comes  from  all  levels  in  the  atmosphere, 
with  a  certain  small  portion  from  above  the  ozone  layer.  When  the  sun  is 
low  this  latter  portion  suffers  much  less  relative  absorption  by  the  ozone 
than  the  direct  sunlight.  At  the  same  time,  because  the  Rayleigh  scattering 
is  proportional  to  '  /i  '  ^  /j  1  • 
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For  a  solar  zenith  angle  of  about  85°,  the  ratio  i/i*  actually  passes 
through  a  minimum,  and  increases  again  when  the  sun  is  still  lower  (the  TJmkehr, 
or  inversion  of  the  zenithal  ozone  effect) »  The  details  of  the  calculations 
need  not  be  given  here.  It  is  sufficient  to  notice  that  the  Umkehr  angle 
depends  on  the  proportion  of  air  mass  above  and  below  the  ozone  layer,  and 
so  gives  the  mean  height  of  the  ozone.  Further,  the  behavior  of  the  ratio 
i/i*  around  its  minimum  gives  an  estimate  of  the  vertical  distribution  of 
ozone>  ( °>)  ■ 

TV  Method  of  Observations 

(a)  Description  of  the  Instrument: 

The  Dobson  spectrophotometer  used  to  make  observations  recorded  in  this 
thesis  contains  (i)  a  double  spectrometer  for  isolating  the  required 
wavelengths,  and  (ii)  a  photo-multiplier  tube  and  A-C  amplifier  for  measuring 
the  relative  intensities  of  these  wavelengths, 

A  rotating  shutter  allows  the  two  wave-lengths  being  compared  to  fall 
alternately  on  the  cathode  of  the  photomultiplier,  with  a  frequency  of 
about  20  cycles  per  second.  One  of  the  wave-lengths  passes  through  an 
adjustable  optical  wedge  of  tinted  gelatin  on  quartz.  The  wedge  is 
adjusted  to  make  the  final  intensities  equal,  so  that  the  output  of  the 
AC  amplifier  is  zero.  The  dial  reading  of  the  wedge  adjustment  is  then 
a  measure  of  the  relative  intensity  of  the  wave-lengths  to  be  compared. 

A  calibration  table  is  provided  with  the  instrument  to  convert  dial 
reading  fi  into  the  quantity  N ^  100  (Lq-L)  (section  3(a)),  which  is  the 
datum  used  to  calculate  the  ozone  content  (  section  5(h)). 

The  general  appearance  of  the  instrument  ready  for  operation  is 
shown  in  Figure  3.  As  it  is  heavy  and  must  be  moved  about  according 
to  the  position  of  the  sun,  it  has  been  mounted  on  a  wheeled  stand, 
which  carries  the  power  supplies,  battery,  and  accessories  on  a  shelf  below. 
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FIGURE  3  DOBSON  DOUBLE  -  QUARTZ  SPECTROPHOTOMETER 
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The  size  of  the  instrument  is  approximately  5*  x  l1  6”  x  1*  2'\ 

The  case  and  many  of  the  parts  are  made  of  Hiduminium  aluminum  alloy. 

Most  of  the  optical  parts  are  necessarily  of  quartz.  Fig.  4  is  a  plan 
view  of  the  instrument  with  cover  removed,  showing  their  position  in 
relation  to  that  of  the  photomultiplier  tube  amplifier,  grid  bias 
battery,  etc. 

Figure  5*  is  a  vertical  section,  and  shows  the  optical  system.  The 
sun-director,  shown  in  position  in  Fig,  3  is  used  only  when  direct 
sunlight  is  being  observed.  It  consists  of  a  movable  prism  and  lens,  of 
quartz,  which  concentrates  the  light  on  the  entrance  window  F  (Fig.  5)  in 
the  top  of  the  case.  Because  of  the  strong  intensity  of  direct  sunlight,  a 
ground  quartz  disc  is  usually  placed  over  the  window  to  diffuse  the  beam 
from  the  sun-director.  For  observations  on  Zenith-sky,  the  sun-director 
and  the  disc  are  removed. 

From  the  window  F,  the  light  is  reflected  by  a  right-angled  prism  on 

to  the  slit  (G-)  of  the  first  spectrometer.  This  consists  of  a  quartz 

collimator,  a  60^  prism,  and  a  mirror  which  reflects  the  light  back 

through  the  prism  and  a  lens  to  form  a  spectrum  in  the  focal  plane  of 

the  instrument.  The  required  wavelengths  are  isolated  by  means  of  slits 

(S2,S^,S/J<)  in  the  focal  plane.  For  convenience,  the  isolating  slits  are 

in  a  plane  at  right  angles  to  the  axis  of  the  instrument  and  the  beam 

falling  on  S  is  brought  into  focus  in  this  plane  by  a  special  achromatizing 
4 

lens.  The  light  emerging  from  the  set  of  slits  is  recombined  by  the 
second  spectrometer  and  focussed  on  the  slit  of  the  photomultiplier 
housing.  The  device  of  the  double  spectrometer  reduces  to  a  minimum  the 
amount  of  scattered  light  entering  the  photomultiplier.  Even  so,  diffused 
light  inside  the  case  nay,  at  times,  be  comparable  in  intensity  with  the 

weak  ultra-violet  lines  beijg  compared.  For  this  reason  the  photomultiplier 


housing  is  made  lightproof,  and  an  ultraviolet  filter  is  placed 
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FIGURE  4. 


A*  Output  condensers, 

B*  Grid  -  bias  battery, 

C.  Amplifier. 

D.  Input  condenser. 

E .  Phot  omulti  pli  er . 

F.  Potential  divider. 

G.  High  voltage  input  plug. 

H.  Inlet  window. 

I.  Drying  vessel. 

J.  Cover  guide, 

K.  W.  Mirror. 

L.  V.  Prism. 

M.  U»  Lens. 

I'T ,  Output  pot  ent  i  omet  er , 

O.  Amplifier  power  terminals. 

P.  ./edge  adjustment. 

Q#  shutter  rod  and  wavelength  selector  rod. 

R.  Microemmeter  terminals. 

S.  Shutter  motor  power  cord. 

T .  Shutt  e r  mechani sm . 


'Ian  View  of  Instrument  with  Jover 


FIGURE  5 


A.  Compensating  Adjustment  Q^. 

B •  SI it  • 

C.  Collecting  lens. 

D.  U.V.  Filter. 

E.  Photomultiplier. 

F.  Window  (W). 

G.  Slit  Sx. 

H.  Wavelength  Adjustment 

I.  Achromatizing  lens. 

J.  V/edge. 

K.  Collecting  lens. 

L •  Achr omat i z ing  lens. 

M.  Rotating  sector  wheel. 

N.  Selector  plate  passing  light  either  from  Sg  and  S^  or  S^  and  S^. 

O.  Plate  either  passing  or  obscuring  beam  from  slit  S^. 

P.  Spindle  carrying  sector  wheel  and  commutator. 


Figure  5 

Vertical.  Section  shaving  Optical  System 


12, 


behind  slit  D,  Fig*  5* 

Thick  quartz  plates,  (H  and  A,  Fig*  5)?  are  mounted  immediately  in 
front  of  the  first  and  last  slits  (G  and  B,  Fig*  5)»  These  can  be  rotated 
about  a  horizontal  axis  by  pointers  and  Q2)  which  move  over  scales  on 
the  outside  of  the  instrument*  When  the  quartz  plates  are  inclined  to  the 
direction  of  the  ray  of  light,  the  ray  is  refracted  and  displaced  upwards 
or  downwards.  By  this  means,  the  wavelengths  falling  on  the  photomultiplier 
can  be  changed,  according  to  the  following  table,  which  shows  the  wave¬ 
lengths  which  pass  slits  S2,  S^,  and  S4,  for  four  settings  of  the  pointers* 


TABLE  I. 


Setting 

q 

q' 

q" 

0 i  c/ 

a 

3054 

5255 

4355 

b 

3085 

5291 

4453 

c 

3112 

5525 

453  6 

1.23  0.08 

d 

5175 

5599 

4740 

0.109 


0.258 


The  setting  (c)  is  that  recommended  and  used  by  Dobson,  and  his 
practice  has  been  followed  in  the  present  series  of  observations. 

Additional  information  to  be  used  in  section  V  is  shown  for 
the  standard  wavelength  setting.  The  values  of  the  ozone  absorption 
coefficients, oC,  are  those  of  Ny  Tse-Ze  and  Choong  Shin  Piaw  (10)* 

The  values  of  have  been  calculated  by  the  Rayleigh  Scattering 
formula.  An  additional  adjustment  of  plate  H,  Fig.  5>  can  made 
to  compensate  for  changes  in  the  refractive  index  of  the  quartz 
prisms,  due  to  temperature  changes,  and  also  for  expansion  and  contraction 
of  the  metal  portions  of  the  instrument*  A  thermometer  extends  into 
the  instrument  through  the  outer  cover,  and  a  table  provided  with 
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13. 

the  instrument  gives  the  correct  setting  of  at  different  temperatures. 

Located  to  the  left  of  the  set  of  slits  is  the  rotating  shutter. 
Immediately  behind  it  are  two  sliding  shutters,  operated  by  push  rods 
which  pass  through  the  base  of  the  instrument.  By  manipulation  of 
these  shutters,  either  and  S^,  or  and  can  be  exposed* 

When  the  rotating  shutter  is  stationary,  any  one  slit  can  be  selected. 

The  optical  wedge  is  mounted  in  front  of  slit  S^,  which  is  common 
to  both  the  short  and  long  pairs. 

(b)  electrical  and  mechanical  -v -3  terns : 

The  IP28  photomultiplier  tube  behind  slit  is  connected  to  the 
first  grid  of  a  3-stage  lew  fequency  amplifier,  which  is  built  inside 
the  main  instrument  housing,  as  shown  in  Pig.  3.  Only  fluctuations  in 
current  caused  by  the  rotating  shutter  are  amplified.  These  are 
rectified  by  a  commutator  on  the  shutter  shaft  into  a  pulsating  uni¬ 
directional  current  which  is  read  on  a  heavily  damped  B-C  micro-ammeter. 

If  the  currents  produced  by  the  cell  for  the  two  wavelengths  are  equal, 
th  A-G  amplifier  is  net  affected  and  there  is  no  current  in  the  output 
circuit. 

The  two  power  supply  units  which  this  instrument  requires  were 
built  by  the  writer.  The  high  voltage  supply  provides  about  1000  volts, 
well  regulated,  for  the  photomultiplier.  The  low  voltage  supply  provides 
115  volts  for  the  amplifier  plate  circuits,  and  has  a  built-in  charging 
circuit  for  the  two-volt  storage  batter}7-  which  heats  the  amplifier 
filaments.  Circuit  diagrams  of  the  amplifier  and  of  the  power  supplies 
are  included  in  the  Appendix. 

The  motor  which  drives  the  shutter  shaft  operates  on  the  same  110- 
volt  A-G,  line  which  the  power  supplies  use.  A  long  extension  cord  runs 
from  the  wheeled  stand  to  the  nearest  power  outlet. 
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The  motor  just  mentioned  is  nob  the  original  unit  which  arrived 
with  the  instrument,  but  was  installed  by  the  writer  to  replace  an 
antiquated  spring-driven  phonograph  motor. 

( c)  Operation  cf  the  Instrument : 

Three  different  methods  have  been  used: 

(i)  With  direct  sunlight :  The  instrument  bas  been  used  both 

outside  and  indoors.  In  the  latter  case  the  sunlight  was  reflected 
through  an  open  window  to  the  sun  director  by  a  front -aluminized 
mirror.  Repeated  tests  made  with  and  without  this  mirror  indicated 
a  negligible  effect  on  the  ozone  value. 

Two  methods  of  obtaining  the  dial  reading  of  the  optical  wedge 
were  used.  For  some  of  the  observations  the  microarnraeter  was 
balanced  three  times,  the  wedge  dial  read  visually  each  time,  and 
the  average  of  the  three  readings  taken  as  the  value  of  R  required. 
The  limits  of  error  in  this  method  were  estimated  to  be  +  degree. 
Greater  accuracy  could  be  obtained  with  a  smoked  disc  device,  and 
this  was  used  for  most  of  the  observations.  This  unit  is  shown  in 
position  in  Fig.  3,  and  its  operation  is  indicated  by  Fig.  6.  A 
disc,  which  has  been  heavily  coated  with  carbon  by  the  method 
shown  in  Fig.  7,  is  attached  to  the  wedge  dial  by  the  centre 
thumbscrew.  When  a  wedge  reading  R  is  desired,  the  stylus  is  lowered 
onto  the  disc,  and  the  time  noted.  The  wedge  dial  is  then  adjusted 
manually  to  keep  the  output  meter  balanced.  At  the  same  time,  the 
pointer  is  slowly  moved  toward  the  outer  edge  of  the  smoked  disc  by 
the  clock  mechanism.  The  result  is  a  small  curve  of  dial  position 


versus  time  scratched  on  the  disc 


FIGWE  6 


A.  Levelling  Screws . 

B.  Push  rod  to  lower  style  to  disc* 

C.  Clock  winding  lever. 

D.  Shaft  to  move  stylus  manually* 

E.  Clockwork  housing, 

F.  Direction  of  notion  of  stylus  arm. 

Gr,  Stylus. 

H.  Trace  unde  by  stylus  on  disc, 

I*  Calibrated  wedge  dial. 

J.  Movement  of  wedge  dial  as  meter  is  balanced. 

K.  Thumbscrew  holding  smoked  disc  to  wedge  dial. 

L.  Carbon-coated  metal  disc  (Smoked  disc). 


Smoked  Disc  recording  Device 


FIGURE  7 


A.  Candle . 

B.  Metal  Disc. 

C*  Thumbsrew  and  washer. 

D*  Ball-bearing  allowing  head  to  turn  freely. 


B 


Figure  7 

Stand  for  Coating 
Metal  Discs  with  Carbon 
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When  the  output  meter  has  been  held  steady  for  some  time  the  stylus 
is  raised  off  the  disc.  The  dial  is  then  set  on  exact  degree  marks  on 
both  sides  of  the  tracing,  and  the  stylus  is  moved  across  the  disc  by 
hand  for  each  degree  setting.  This  gives  a  series  of  reference  lines  on 
the  plate,  from  which  the  average  position  of  the  dial  during  the  obser¬ 
vation  is  easily  found.  An  observation  with  the  smoked  disc  lasting  JO 
seconds  was  found  to  give  a  satisfactory  trace,  which  could  be  read  with 
an  estimated  error  of  X/lO  to  l/20  degree. 

(ii)  With  light  from  the  clear  zenith  sky:  The  instrument  was 
wheeled  outside,  and  the  sun  director  and  ground  quartz  plate  were 
removed  to  allow  skylight  to  enter  the  window  in  the  top  of  the  case 
directly.  One  50-second  observation  with  the  smoked  disc,  using  the 
short  wavelength  pair  permitted  an  ozone  determination. 

(iii)  With  light  from  the  cloudy  zenith  sky:  The  instrument  is 
used  outside  as  for  the  clear  zenith  method,  but  the  long  wavelength 
pair  is  observed  as  well  as  the  short.  When  the  smoked  disc  was  not 
used,  ten  readings,  2  short  and  2  long,  alternately,  were  taken,  and 
the  average  time  was  noted.  When  the  disc  was  used,  a  50-second 
observation  was  taken  for  the  short  pair,  and  a  similar  one  for  the  long 
pair,  and  the  average  time  noted,  as  before. 

VI  Method  of  Calculation: 

(a)  Direct  Sun  Observations: 

Equation  (l)  applies,  and  the  procedure  is  as  follows: 

(i)  Conversion  of  dial  readings  to  Log  I/I5:  An  ideal  optical  wedge  is 
defined  (ll)  as  one  in  which  any  dial  reading  R  changes  to  (R-lOOlog  r)  for 
an  increase  to  r  times  as  much  transmitted  light.  The  actual  optical  wedges 
supplied  in  this  instrument  were  calibrated  in  England.  Corrections,  n, 
varying  with  the  dial  reading,  have  to  be  applied  to  R, 
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in  order  to  make  the  readings  conform  to  an  ideal  wedge.  A  table  of  n 
values  was  supplied  with  the  instrument.  These  include  a  constant, 
such  that  (R-n)  approximates  very  closely  to  100  (Lq-L)=N  for  the 
standard  wavelengths  of  setting  (  cl  This  calibration  table  was  used 
in  working  out  the  results  of  this  thesis,  because  it  ensures  that  all 
spectrophotometers  of  this  type,  of  which  there  are  several  around  the 
world,  are  comparable  with  one  another  on  the  standard  wavelengths. 

(ii)  Calculation  of  the  Sun1 s  Zenith  Distance:  In  whatever  way 

the  measurements  are  made,  it  is  necessary  to  know  the  height  of  the 
sun  at  the  mean  time  of  observation.  This  was  calculated  by  means  of 
the  equation: 

Co-c  z,  -  C4S  £  cos  -f  £  Si"  0 

(iii)  Path  Length  or  "Air  Mass":  For  the  calculation  of  the  amount 
of  ozone,  it  is  necessary  to  know  both  the  relative  path-length  of 
sunlight  through  the  whole  atmosphere  (  the  "Air  -  Mass"**?) ,  and  the 
relative  path-length,  , through  the  ozone  region.  Bemporade  has 
calculated  the  values  of  vn  ,  as  a  function  of  Z,  allowing  for  the 
curvature  of  the  earth  and  for  refraction  (12).  His  values  have  been 
used  in  this  thesis. 

Since  the  centre  of  gravity  of  the  ozone  in  the  atmosphere  is 
from  20  to  30  Km.  above  the  earth* s  surface  (13),  the  sun*s  zenith 
distance  (Z*)  seen  from  this  height  will  be  appreciably  different 
from  (Z),  the  difference  being  greater  when  the  sun  is  low. 

For  small  values  of  Z, 

yU.  Z  -r*l  -X  Z: 


x  . :  ,  l 


i 


•i.S 


Z  increases  the  values  of  JA  and  m  diverge,  and 

yiA  m  <  Z 

However,  since  the  ozone  layer  is  thin  and  has  a  low  mean  density, 
refraction  effects  can  be  neglected  here,  and  it  is  sufficient  to 

put  ur  5€C  ~Zj  where  ZL f  dv  — — 

'+h/R 

(iv)  Correction  for  Scattering:  Table  1,  which  was  included  in 
section  4,  contains  the  values  of  the  coefficients^  and  ,  used  in 
this  thesis. 


If  Z  is  not  greater  that  68L  (14),  we  car.  take  m  ~  JlA  =sec  Z  in  the 
correction  terras,  and  equa,tion  (1)  simplifies  to 

_  (/3-A1)  ±  a-  r) 

(fit  -  cl')}1  (pt  -  ot/? 


%  -- 


or 


X 


,/p 


ff 


(6) 

(7) 


where  A  is  a  constant  for  any  pair  of  wavelengths. 

The  tabulated  values  of  ^  and ^  were  calculated  from  the  Rayleigh 
scattering  formula  (15),  but  there  is  some  uncertainty  in  ?  and  §  , 

Dobson  has  suggested  that  the  correction  A  can  be  estimated  from  the 
horizontal  Msibility  of  the  atmosphere,  with  some  experience,  For  the 
wavelength  pair  3112-3323 A,  he  has  given  the  relation  between  A  and  the 
degree  of  haze  which  is  shown  in  the  first  two  columns  of  Table  II,  For 
the  Edmonton  observations  the  official  weather  observers1  records  of 
horizontal  visibility  are  available.  These  are  given  in  miles,  and  are 
based  on  observations  of  distant  landmarks  from  the  airport  control 
tower.  They  are  therefore  much  more  consistent  than  any  estimate  of 
"light"  or  "heavy"  haze.  The  writer  has  estimated  that  Dobson*s  degrees  of 
haze  correspond  to  the  visibilities  in  column.  3  of  the  table  aha  has  used 
these  values  in  correcting  the  Edmonton  observations. 
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TAB LE  II 


A 

Horizontal  Visibility 

ct  — 

On  a  very  clear  day 

0.095 

12  miles  and  over 

0 

In  a  slight  haze 

0.100 

6-11  miles 

0.005 

On  a  hazy  day 

0.110 

3-5  miles 

0.015 

On  a  very  hazy  day 

0.120 

under  3  miles 

0.025 

If  Z  is  greater  than  68^ ,  and  the  horizontal  visibility  indicates  the 
day  to  be  clear,  x  can  be  determined  from  equation  (3)  with  the  last 
term  on  the  right  neglected,  since  then  £  (Dobson) . 

If  Z  is  greater  than  68°,  and  the  visibility  is  less  than  12  miles, 

A  can  no  longer  be  treated  as  a  constant,  and  the  complete  formula  (3) 
must  be  used.  The  correction  then  becomes 


,  (A 

-  /*• 

\  srfl 

L  LlL) 

54>C  Z 

k  *  I'd 

-V  - 

yt4 

(  g-^r/ 

=  0 

■  09? 

<rrt 

t 

( ) 

Z 

Z*- 

The  values  of  (  $  -  used  in  this  formula  were  calculated 

from  the  values  A  given  by  Dobson,  and  are  shorn  in  column  4  of  the  table. 

On  hazy  days  there  still  remains  and  uncertainty  of  tP.QOtt in  the  correction, 
and  therefore  also  in  the  tabulated  ozone  values.  Readings  taken  under 
such  conditions  amount  only  to  two  fo  of  the  total. 


(b)  Clear  Zenith  Sky  Observations: 


It  is  not  practicable  to  calculate  the  amount  of  ozone  from 
first  principles  for  observations  of  the  zenith  skylight,  on 
account  of  the  "TJmkehr”  effect  (section  3(c))®  However,  it  is 
found  experimentally  (16)  that  there  is  a  close  relation  between 
the  amount  of  ozone  as  determined  by  a  direct  sunlight  observation, 
for  a  given  value  of  Z,  and  the  readings  obtained  in  a  clear  zenith 
sky  observation.  The  accompanying  chart  (Fig. 8)  is  based  on  a 
comparison  of  direct  sun  and  clear  zenith  observations  at  Oxford. 

By  use  of  this  empirical  chart  it  is  possible  to  find  the  ozone 
values  directly,  from  the  calculated  value  of  ,  which  is 
related  to  the  sun's  zenith  distance,  and  the  apparent  value  of  N 
at  the  zenith. 

The  Oxford  zenith  observation  chart  does  not  necessarily 
apply  to  Edmonton.  In  particular,  on  account  of  the  difference  in 
altitude,  there  is  probably  a  difference  in  the  relative  air  masses 
above  and  below  the  ozone  maximum.  Therefore  a  difference  in  the 
intensity  ratio,  if/i,  in  the  scattered  skylight  is  to  be  expected. 
For  this  reason  the  writer  also  has  compared  zenith  sky  observations 
with  direct  sun  ozone  values  on  a  large  number  cf  clear  days.  It 
was  found  that  a  constant  correction  of  *7  to  the  observed  values  of 
N  made  the  Edmonton  observations  consistent  with  the  Oxford  chart, 
within  a  reasonable  limit  of  error.  "Zenith  clear"  ozone  values 
listed  in  the  table  of  section  6  have  therefore  been  obtained  by 
applying  this  correction  to  N,  and  using  the  Oxford  chart.  It  will 
be  seen  that,  with  a  few  exceptions,  there  is  good  agreement  when 


both  direct  sun  and  zenith  observations  are  available 
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(c)  Cloudy  Zenith  3Ly  Observations: 

When  the  zenith  sky  is  cloudy  the  principle  of  the  method  is 
the  same  as  for  clear  zenith  but  it  is  necessary  to  apply  a  "cloud 
correction"  to  the  observed  values  of  the  quantity  N,  to  allow  for 
diffusion  of  the  light  as  it  passes  through  the  cloud  layer.  The 
principle  of  the  cloud  correction  is  as  follows:  When  observing 
the  clear  zenith  the  short  wavelength  pair  is  used,  giving 

R  -n(  c  N  . - (9) 

It  is  not  necessary,  but  the  long  wavelength  pair  could  be  compared, 

giving  R*  -  =  N*  , - - - (10) 

On  a  cloudy  zenith  both  short  and  long  pairs  are  observed, 

Ra  -  n3^NcC  % - —  - —  -  (11) 

*Ce  -n4  ,  -  - - - <12) 

where  subscript  01  indicates  cloudy  zenith  observations. 

Not,  workers  have  found,  by  taking  readings  alternately  on  cloud 
and  on  clear  sky  on  suitable  days,  that  there  is  a  correlation 
between  the  effect  of  cloud  on  the  short  wavelength  readirgs  and 
that  on  the  long  wavelength  readings.  That  is,  we  can  write  for 
the  differences  between  cloudy  and  clear  observations  made  within 
a  few  hours  of  each  other, 

A  N  =  -N,  -  -  “  ~  —  (13) 

A  N*  -  N’c*  - - - (H) 

There  is  then  an  empirical  relation  betweenA  N* ,  A  N  and jLl  ,  which  is 
displayed  by  Figures  9,10,11,  fear  different  cloud  heights  at  Oxford, 
Fig.  12  shows  the  empirical  Oxford  relation  between  Nf ,  M  and  x, 
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Cloud  correction  chart 
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for  clear  zenith,  similar  to  F for  the  short  wavelength  pair*  It  was 
not  considered  necessary  to  correct  Figs.  9,  10,  11,  for  use  at  Edmonton, 
since  we  are  here  dealing  with  differences,  and  the  corrections  ought 
nearly  to  cancel. 

For  the  few  days  on  which  it  was  necessary  to  use  the  cloudy  zenith 
method  the  procedure  was  as  follows: 

1.  and  Nf  ^  were  measured,  y^alculated. 

2.  A  probable  ozone  value,  x,  was  estimated  from  a  curve  of  10-day 
averages  ® 

3.  A  probable  value  of  N*  for  clear  zenith  was  obtained  from  Fig.  12, 
using  the  estimated  value  of  x. 

4.  A  (observed)  -N*  (estimated). 

5.  Figs.  9,  10,  11  give  A//*  and  so  N  at  the  time  of  observation. 

6.  This  value  of  N  (with  correction)  was  used  to  obtain  a  better 
estimate  of  x  from  Fig.  8. 

Admittedly  the  ozone  values  obtained  by  this  indirect  procedure  are 
liable  to  large  errors.  However,  they  are  better  than  none  at  all  and 
prevent  gaps  in  the  sequence  of  readings  when  working  out  seasonal 
averages . 

VI  Observations : 

TABLE  III  includes  all  observations  taken 
with  the  Dobson  instrument  and  calculated  ozone  amounts  from  the  time  it 
was  placed  in  operation  on  Aug.2/50  to  the  end  of  Feb./52.  All  3  possible 
methods  of  operation  have  been  used.  Date  and  time  are  included  for  all 
observations,  from  which  c«.sZ  was  obtained  and  tabulated.  The  corrected 
wedge  dial  readings  N  and  N*  as  required  for  the  different  methods  are 
also  shown.  Horizontal  visibility  or  cloud  height,  obtained  from 


< 


t 


c 
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the  weather  reports,  is  included  for  each  Direct  Sun  and  Zenith  Cloudy 
method  respectively.  At  the  extreme  right  of  the  table  are  the  calcul¬ 
ated  ozone  amounts  listed  in  columns  x^>  x9,  x^  depending  on  which  one 
of  the  three  methods  of  Section  5  was  used.  It  will  be  noted  that  most 
of  the  Zenith  Clear  observations  were  made  for  the  purpose  of  checking 
Fig,  8,  hence  2  ozone  values  (x^  and  x^)  appear  in  the  table  for  the 
same  time  of  observation, 

The  total  number  of  ozone  amounts  calculated  and  the  number  of  days 
upon  which  the  corresponding  observations  were  taken,  are  as  f oIIoyjs  : 


Method  Used  Number  of  Calculated  Number  of  days  on  which 

Ozone  Amounts  observations  were  made 


Direct  sun  method 

(results  denoted  by  x^)  729  314 


Zenith  clear  method 

(results  denoted  by  X2)  195  78 


Zenith  cloudy  method 

(results  denoted  by  X3)  ll6  66 


Total 


1040 


458 
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TABLE  III 

OZONE  VALUES  IN  CMS . 
COMPUTED  FOR  THE  STANDARD  WAVELENGTHS 


DATE 

MOUNTAIN 

STANDARD 

TIME 

N  N1 

HORIZONTAL 
VISIBILITY 
(Miles ) 

ESTIMATED 

CLOUD  Cos  Z 
HEIGHT 

*1  Xg  x3 

(10“^  cm) 

Aug  2/50 

i5Uo 

6J.2 

15 

.61*56 

272 

h/$0 

11*31 

62.2 

tt 

.71*03 

306 

1520 

59.5 

it 

.1129 

305 

1552 

63.8 

rt 

.6179 

250 

1638 

71.2 

>1 

.5263 

231* 

1655 

80.9 

it 

.1*893 

253 

1711 

89.9 

m 

.1*816 

285 

1726 

90.1* 

ti 

.1*183 

239 

5/50 

1108 

53.1* 

11 

.7579 

258 

11*53 

58.0 

it 

.7096 

261* 

1588 

69.2 

ti 

.6090 

271* 

1658 

85.5 

ti 

.1*787 

265 

1752 

113.9 

it 

.3522 

260 

16/50 

1559 

68.9 

ti 

.5626 

21*5 

1638 

85.2 

ti 

.1*795 

261* 

1702 

96.9 

it 

.1*255 

26  9 

17/50 

1110 

52.9 

it 

.7221* 

238 

1203 

1*7.3 

it 

.7571* 

217 

1320 

50.6 

ti 

.751*6 

238 

11*1*0 

62.6 

ti 

.681*1* 

279 
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BATE 

MOUNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 
.  CLOUD 
HEIGHT 

Cos:  Z 

X1 

c 

Aug  17/50 

1510 

65.2 

15 

.61+17 

270 

1511 

57.6 

tt 

.61+01 

227 

1615 

73.3 

tl 

.5236 

21+1 

1648 

88.0 

ft 

.1+530 

256 

18/50 

1023 

58.3 

ft 

.6636 

21+3 

1103 

51.3 

tt 

.7120 

223 

1106 

55.2 

1! 

.7150 

21+9 

111+8 

52.7 

II 

.1912 

21+8 

lii.ll 

53.8 

tt 

.7133 

239 

1601+ 

77.0 

tt 

.51+16 

271 

1721 

93.9 

tt 

.3720 

211+ 

175U 

116.6 

tt 

.2911+ 

208 

19/50 

1003 

51+. 5 

tt 

.6301+ 

205 

1202 

53.6 

tt 

.7503 

257 

21/50 

956 

55.6 

It 

.6122 

203 

1058 

55.3 

It 

.6962 

21+1 

1252 

55  .1+ 

tl 

.71+82 

267 

11(17 

56.9 

tt 

.6950 

250 

1535 

60.7 

tl 

.5728 

210 

1716 

91.6 

tt 

.3695 

205 

22/50 

101+6 

5o.o 

tt 

.6790 

201 

1150 

1+6.2 

it 

.7336 

200 

25/50 

101+2 

52.5 

tt 

.6631 

209 

,a:)XtD 
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MOUNTAIN 
DATE  STANDARD 

TIMS 

N 

N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

■v 

A1 

Aug  25/50 

12U0 

hi. 5 

15 

.7335 

209 

11 +1+6 

51+.6 

11 

.61+21 

211 

1651 

81+.9 

11 

.1+078 

211 

26/50 

1021 

52.7 

it 

.6311+ 

197 

1102 

50.2 

it 

.6811+ 

20lt 

1200 

1+1+ .1+ 

11 

.7221+ 

185 

28/50 

11U8 

50.1+ 

11 

.7077 

211 

121+2 

1+2.9 

11 

.7208 

175 

151+1+ 

61+. 7 

it 

.5232 

202 

161+0 

81.9 

11 

.1+162 

206 

29/50 

1018 

59.1 

it 

.6155 

223 

1151+ 

1+6.6 

11 

.7075 

193 

1530 

60.5 

ii 

.5531+ 

198 

30/50 

1605 

70.1+ 

11 

.1+812 

203 

31/50 

1016 

51+.8 

ti 

.601+0 

195 

113U 

1+9.1 

11 

.6879 

200 

1 353 

1+8.3 

ti 

.6735 

189 

1 

I 

1521 

62.8 

ii 

•5590 

213 

161+9 

88.0 

it 

.3805 

202 

Sept  2/50 

1336 

1+7.1+ 

it 

.6771+ 

185 

11+22 

1+9.3 

i» 

.631+3 

179 

1 

1700 

92.1 

it 

.31+1+0 

186 

5/50 

11+23 

53.8 

11 

.6179 

196 

1518 

62.2 

ti 

.5378 

198 
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DATE 

MOUNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL 
VISIBILITY 
(Miles  ) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

X1  ^2  x3 

(10~3  cm) 

Sept  7/SO 

1551 

58.8 

15 

.61*05 

23U 

1506 

6I1.2 

it 

.51*67 

213 

1612 

86.3 

it 

.1*231 

228 

9/5  0 

13^2 

58.6 

11 

.6375 

232 

11/50 

11*17 

59.0 

•5929 

211 

11*55 

61.0 

tt 

.5732 

211 

! 

I6O6 

81.1* 

it 

.1*237 

210 

1721 

127.6 

it 

.2391 

181 

12/50 

1100 

57.5 

tt 

.6057 

210 

1 

1 

1236 

52.3 

tt 

.61*05 

198 

i 

11*11* 

57.5 

tt 

.5909 

203 

1 

151*1 

80.0 

tt 

.1*567 

227 

j 

j 

1621 

95.1 

it 

.371*5 

220 

15/50 

91*7 

65,.  k 

tt 

.1*926 

18  8 

111*0 

53.5 

tt 

.6318 

201 

11*03 

56.8 

it 

•5971* 

202 

| 

1601 

83.6 

tt 

.1*11 h 

209 

j 

1651* 

107.9 

it 

.2930 

188 

n*/5o 

1011 

59.8 

5 

.535 8 

171 

liol* 

55.0 

it 

.5998 

191; 

1105 

56.9 

it 

.6007 

189 

! 

1208 

5i.ii- 

10 

.6379 

187 

11*09 

57.3 

n 

.5852 

19h 
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MOUNTAIN 
DATE  STANDARD 

TIME 

N 

N1 

HORIZONTAL 
VISIBILITY 
(Miles  ) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos:  Z 

Xx  x2  x3 

(10~3  cm) 

Sept  15/50 

11*30 

56.li 

15 

.551*9 

179 

151*1* 

72.7 

11 

.1*333 

183 

151*5 

73.1 

ti 

.1*311* 

18U 

1650 

105.1* 

11 

.2906 

179 

16/50 

1015 

55.1* 

ti 

.5323 

16k 

1152 

51*. 5 

ii 

.6226 

202 

1558 

7k. 1 

11 

.3995 

167 

18/50 

950 

72.0 

8 

.1*753 

201 

1037 

59.3 

10 

.5516 

187 

11 1*9 

53.0 

ii 

.6112 

I8I4 

131*6 

59.5 

11 

.5756 

200 

[ 

11*1*5 

67.0 

15 

.5167 

209 

1559 

86.8 

11 

.3853 

202 

j 

1713 

11*1.1 

ti 

.2168 

185 

19/50 

111*8 

59.2 

0 

.6072 

195 

j  20/50 

1005 

67.1 

ti 

.1*973 

198 

111*7 

51*.  1 

11 

.5998 

189 

! 

11*1*6 

66.0 

15 

.5036 

197 

1633 

106.6 

ti 

.2990 

190 

21/50 

1028 

59.9 

5 

.5256 

166 

K 

1129 

51*. 1 

6 

.581*8 

167 

I  22/50 

1018 

59.2 

12 

.5071 

l6k 

1159 

51.7 

15 

.5939 

17k 

; 

! 

li*!*6 

65.9 

II 

.1*915 

190 
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MOUNTAIN 
date  STANDARD 

TIME 

N  N1 

HORIZONTAL 
VISIBILITY 
(Miles ) 

EST  BATED 
CLOUD 
HEIGHT 

Cos  z 

Xi  x2 

(10“3  cm' 

Sept. 22/50 

1526 

71+.8 

15 

.1+251 

186 

23/50 

1012 

71.8 

6 

.1+938 

202 

noil 

57.0 

10 

.551+9 

177 

1206 

53.7 

it 

.5903 

177 

Oct.  10/50 

1325 

7U.9 

15 

.1+738 

162 

H+55 

79.0 

II 

.3680 

21+0 

1U56 

81.5 

It 

.1*661+ 

230 

11+58 

79.8 

II 

.1+631 

217 

13/50 

1351+ 

71+.0 

It 

.1+1+1+1+ 

195 

20/50 

135U 

92.1+ 

It 

.3895 

221+ 

23/50 

11+33 

110.6 

ft 

.321+1+ 

221+ 

26/50 

H+55 

127.8 

1! 

.2751 

220 

Hot.  2/50 

1335 

101.6 

It 

.3363 

208 

9/50 

1330 

111+.9 

It 

.3067 

219 

13/50 

11+10 

132.1+ 

II 

.2515 

206 

1508 

192.7 

It 

.1682 

212 

17/50 

1500 

221.1+ 

It 

.1659 

252 

1522 

231.6 

ft 

.1292 

201 

18/50 

1235 

139.2 

ft 

.291+0 

252 

19/50 

1315 

129.6 

12 

.2752 

220 

1357 

11+1.6 

15 

.21+23 

215 

11+30 

171.3 

it 

.2029 

225 

1 

1510 

218.0 

ii 

.11+33 

208 

Nov.  20/50 

11+10 

156.3 

it 

.221+2 

225 
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DATE 

MOUNTAIN 

STANDARD 

TIME 

N  N1 

HORIZONTAL 
VISIBILITY 
(Miles ) 

ESTIMATED 

CLOUD  Cos  2 
HEIGHT 

Xx  X2  X3 

(10-3  cm) 

Nov.2U/50 

1330 

1U9.6 

12 

.2482 

236 

U427 

182.8 

.1919 

230 

29/90 

1435 

197.6 

15 

.1678 

219 

Dec.  U/50 

1330 

155.2 

8 

.2150 

147 

1340 

125.9 

8 

.2225 

215 

8/50 

1328 

160.? 

15 

.2170 

225 

iia.6 

192.5 

13 

.1750 

221 

10/S0 

1246 

140.5 

11 

.2316 

201 

1255 

142 .4 

II 

.2294 

202 

13/50 

1315 

156.9 

II 

.2X82 

218 

1340 

168 .1 

tl 

.2032 

220 

1440 

189.5 

It 

.1420 

165 

iii/5o 

1313 

157.3 

6 

.2187 

215 

1330 

160.8 

8 

.2255 

231 

16/50 

1236 

148.8 

6 

.2266 

196 

1335 

162.2 

6 

.2048 

196 

18/50 

1323 

169.9 

8 

.2113 

234 

1421 

223.8 

10 

.1636 

240 

26/50 

1340 

166.7 

13 

.2041 

21 9 

27/50 

1330 

165.8 

3 

.2109 

226 

29/50 

1248 

154.9 

10 

.2277 

220 

! 

1344 

172.8 

12 

.2047 

204 

Jan  4/51 

1313 

167.2 

8 

.2305 

251 

. 

1438 

231.8 

10 

.1647 

262 

5/51 

1348 

160.6 

13 

.2143 

209 

! 


:  :-r --.I;::;  •.  '  :  ' 


' 


.  .  - 


.  .1 


. 


* 

,  . 


. 


. 


* 

. 


. 


- 

■ 

: :  i  .oi<i 

. 

c.\; 

vex 

'  I 

o :  ;x  ' 

oilix  ' 

(.  :\  x 

c  til . 

'-/•’I 

•  ;\M 

IxX; 

’ :  c.'-  A 

-  V.  ■') 


: 


30 


BATE 

MOUNTAIN 

STANDARD 

TIME 

N 

HORIZONTAL 
VISIBILITY 
(Miles ) 

ESTIMATED 

CLOUD  Cos  2 

HEIGHT 

X-,  x2  X3 

(10_3  cm) 

Jan  6/51 

131*5 

131.3 

15 

.2185 

175 

8/51 

1328 

11*9.7 

tt 

.2331 

222 

9/5 1 

1252 

11*2.1* 

tt 

.21*65 

223 

13/51 

1125 

167.8 

t! 

.2259 

251 

11*17 

177.8 

tt 

.2117 

251 

16/51 

1520 

231.7 

10 

.11*31 

2U0 

18/51 

1333 

151.1* 

15 

.2609 

262 

19/51 

1337 

160.2 

1 

.2623 

258 

20/51 

1235 

155.7 

5 

.2791 

250 

21/51 

11*17 

160.0 

15 

.2265 

236 

22/51 

131*2 

11*1*.  1 

tl 

.2708 

256 

29/51 

1356 

11*5.5 

ft 

.2901* 

28U 

31/51 

1333 

11*2.7 

tl 

.311*7 

306 

j?eb.  5/51 

151*5 

191*  .3 

tt 

.1885 

21*6 

6/51 

131*1 

121.3 

tt 

.3395 

271 

11*21* 

123.3 

It 

.3055 

239 

11/51 

1309 

10H.8 

It 

.3779 

257 

12/51 

1353 

110.6 

tt 

.3  631 

261 

1531* 

157.1* 

tt 

.21*19 

251 

13/51 

11*52 

105.9 

tl 

.3095 

297 

1515 

129.9 

tt 

.2773 

228 

15/51 

11*20 

105.1 

tt 

.3565 

238 

16/51 

1321 

86.9 

tl 

.1*015 

21 k 

! 

11*1*5 

102.0 

tl 

.331*2 

208 

1550 

138.1* 

tt 

.2351 

200 
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DATE 

MOUNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL  ESTBiATED 
VISIBILITY  CLOUD 

(Miles)  HEIGHT 

Cos  Z 

X1 

( 

Feb  17/31 

1121 

83.6 

15 

.3711 

186 

1338 

151.3 

it 

.2256 

217 

18/31 

1310 

101.6 

10 

.1(160 

279 

19/31 

llfOO 

103.6 

15 

.3969 

269 

20/31 

1333 

101*.  9 

It 

.1*179 

293 

1U37 

121.0 

It 

.3656 

297 

21/31 

liilj.6 

119.6 

It 

.3600 

287 

1328 

lUlu5 

II 

.2992 

282 

22/31 

131*3 

96.9 

It 

.1*230 

267 

1600 

160.7 

II 

-21*78 

266 

23/31 

131*0 

91.1 

It 

.1+317 

252 

2U/31 

1238 

83.1 

tl 

.k522 

21*1* 

27/31 

11*18 

100.3 

5 

.1*21(5 

281 

kar  V3l 

11*1*3 

103.0 

15 

.1*080 

277 

2/31 

1322 

97.6 

It 

.1(750 

313 

131*6 

101.9 

It 

.1*676 

325 

1333 

.1U5.5 

II 

.3355 

336 

teb.  3/31 

1333 

127.1 

3 

.301*9 

311 

V31 

131*2 

103.1 

15 

.1*815 

31*2 

6/31 

1311* 

96.8 

II 

.5060 

335 

131(0 

lii.2.2 

It 

.31+81 

31*5 

7/31 

ll*08 

110.9 

II 

.1*771* 

371 

8/3l 

1313 

103.5 

11 

.511*2 

372 

i  n/31 

1236 

89.2 

11 

.5387 

326 

1323 

92.9 

II 

.5301* 

338 
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DATE 

MOUNTAIN 

STANDARD 

time 

N  N1 

HORIZONTAL  ESTIMATED 
VISIBILITY  CLOUD 

(Miles)  HEIGHT 

Cos.  2 

X1 

0 

Feb. 12/51 

1500 

93.3 

15 

.1 *1*1*1* 

271 

13/51 

131*5 

82.1 

it 

.5301 

28U 

161*5 

162.3 

it 

.2527 

273 

16/51 

11*56 

100.3 

8 

.1*713 

316 

17/51 

1301* 

85.0 

15 

.5712 

330 

18/51 

1506 

96.1 

tt 

.1*672 

300 

21/51 

1356 

71*. 3 

tt 

.5630 

272 

22/51 

1316 

71.3 

tt 

.591*6 

276 

23/51 

V300 
-> — 

69.2 

tt 

.6015 

269 

1515 

85.? 

it 

.1*781* 

266 

2U/51 

11*00 

70.8 

tt 

•5775 

263 

j  27/51 

1338 

72.9 

t» 

.6097 

29)4 

1 1  ■ 

1506 

90.1 

tt 

.5123 

310 

28/51 

1320 

63.6 

tt 

.621*7 

252 

1500 

75  .k 

tt 

.5263 

253 

29/51 

131*0 

56.6 

tt 

.6185 

211 

11*27 

60.6 

tt 

.5751 

210 

31/51 

121*8 

61.7 

tt 

.61*92 

255 

1350 

61.9 

tt 

.6212 

291 

Mar  .31/51 

151*0 

79.6 

tt 

.1*739 

227 

Apr.  3/51 

11*01 

55  .U 

tt 

.6263 

208 

V51 

11*37 

61.5 

tt 

.6502 

251* 

6/51 

11*30 

65 .6 

tt 

.6093 

255 

8/51 

1302 

57.9 

it 

.6853 

252 

9/51 

11*1*9 

71.8 

tt 

•5971 

280 
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DATE 

MOUNTAIN 

STANDARD 

TIME 

N  N1 

HORIZONTAL 

VISIBILITY 

(Mies) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

X1  X2  X3 
(10“3  cm) 

Apr  10/51  1U20 

63.8 

15 

.6388 

261 

12 

lh37 

55.0 

II 

.6269 

207 

lb 

1510 

76.? 

tt 

.5873 

297 

15 

U(37 

59.9 

15 

.6393 

2U0 

20 

li(06 

66.2 

It 

.69U7 

306 

1531 

79.1 

It 

.5755 

30b 

21 

1335 

59.2 

tt 

.721(6 

279 

1503 

7 5.9 

It 

.7250 

38? 

22 

114(3 

58.7 

tt 

.6589 

2b3 

lU5o 

70.3 

tt 

.61(91 

303 

23 

1332 

57.8 

It 

.7314* 

275 

1500 

71.1 

tt 

.6379 

301 

2b 

11(52 

63.5 

tt 

.6535 

268 

1600 

65.7 

tt 

.5361 

21b 

25 

1U13 

57.2 

It 

.706U 

257 

26 

1516 

68.6 

tt 

.6232 

279 

155U 

76.9 

It 

.5550 

279 

27 

13U0 

55.2 

It 

.7U31 

263 

28 

13l(0 

5U.9 

tt 

.71(67 

261 

May  u/5l  1339 

52.5 

It 

.7670 

256 

31(1(2 

57. U 

ft 

.7011 

256 

5 

16U5 

83  .U 

ft 

.U793 

256 

6 

130U 

52.9 

tt 

.7917 

270 

7 

1527 

67.U 

It 

.6)407 

282 

8 

11(10 

56.6 

tt 

.7509 

275 

34 


DATE 

MOUNTAIN 

STANDARD 

TIME 

N  N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD  Cos  Z 

HEIGHT 

X-l  X2  X3 

(10“3  cm) 

toy  8/51  1520 

65.6 

15 

.6554 

280 

9 

1400 

56.6 

tl 

.7637 

282 

1516 

67.8 

11 

.6652 

299 

12 

1337 

55.9 

It 

.7909 

290 

1534 

66.3 

tl 

.6430 

278 

1620 

79.0 

11 

.5546 

289 

1U 

1327 

52.7 

1! 

.8024 

273 

1434 

58.5 

tl 

.7396 

282 

1535 

65.4 

tl 

.6396 

271 

15 

1524 

64.5 

tt 

.6684 

278 

16 

1427 

55.5 

tl 

.7532 

269 

19 

1550 

71.4 

It 

. 

.6321 

299 

20 

1209 

56.5 

It 

.8302 

3l!i 

21 

1355 

51.9 

tt 

.7975 

266 

22 

1447 

57.9 

11 

.7410 

279 

1549 

66.2 

tl 

.6410 

276 

23 

1329 

52.8 

It 

.8125 

279 

2b 

1400 

57.0 

tt 

.7992 

302 

26 

1531 

67.0 

II 

.6817 

303 

29 

1655 

85.4 

It 

.5217 

296 

30 

1509 

67.9 

II 

.7247 

33b 

31 

1646 

84.3 

11 

.5452 

308 

June  1/51  1658 

83.7 

It 

.5209 

288 

2 

1616 

73.9 

tt 

.6111 

200 

4 

1642 

83.0 

tt 

.5609 

213 
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DATE 

MOUNTAIN 

STANDARD 

TIME 

N  N1 

HORIZONTAL  ESTIMATED 
VISIBILITY  CLOUD 

(miles)  HEIGHT 

Cos  Z 

*1  x2  X3 
(10-3  cm) 

June  6/5'!  1605 

68.9 

15 

.6390 

180 

161*1* 

80.2 

t! 

.5600 

179 

8 

ll*i*8 

56.1 

tl 

.7738 

28U 

1537 

61*. 7 

!! 

.672*8 

286 

9 

111*3 

53.2 

tt 

.81*75 

298 

10 

1513 

60.7 

tt 

.8105 

33U 

11 

13U2 

1*9.8 

rt 

.8377 

268 

11*1*3 

53.8 

it 

.8770 

316 

1602 

68.3 

tt 

.6509 

29U 

12 

ll*13 

51.8 

tt 

.8120 

272 

1529 

59.5 

tt 

.7101* 

27U 

13 

11*22 

51*  .6 

tt 

.8033 

287 

1616 

65.7 

tt 

.6260 

2  65 

Hi 

1639 

68.8 

tt 

.6807 

31U 

15 

1313 

52.2 

tt 

.8561 

29U 

25 

1331 

50.3 

tt 

.81*91 

277 

11*15 

56.0 

tt 

.8150 

302 

1537 

53.3 

it 

.701*0 

233 

1553 

63.2 

tt 

.6762 

278 

1631 

69.3 

tt 

.6032 

271 

1636 

72.9 

it 

.5930 

283 

26 

101*5 

57.3 

tt 

.8010 

305 

1117 

56.8 

n 

.8318 

317 

27 

1120 

57.3 

tt 

.8336 

321 

1155 

55.8 

tt 

.8550 

321 

1717 

80.8 

it 

.5271 

279 

36 


BATE 

j" 

MOUNTAIN 

STANDARD 

TIME 

N 

K1 

HORIZONTAL 
VISIBILITY 
(Miles ) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

Xx  X2  : 

(10-3cm 

'June  28/51 

1312 

51.6 

15 

.8571+ ' 

290 

13U1 

52.2 

tt 

.81+26 

288 

29/31 

91+5 

61.3 

ft 

.7162 

288 

1026 

58.3 

ft 

.7762 

299 

1106 

31+ .3 

tt 

.8206 

291 

-305 

1112 

31+ .3 

tt 

.831+1 

299 

305 

j 

1321+ 

5l.2 

tt 

.8520 

307 

-307 

133b 

33.8 

tt 

.81+67 

302 

.300 

11+36 

37.0 

tt 

.7917 

298 

.300 

30/31 

151+9' 

72.1 

tt 

.6829 

335 

1616 

67.0 

tt 

.632  8 

276 

.275 

toy  i/3i 

1032 

31+. 5 

tt 

.8052 

287 

JOS 

1223 

32.1 

tt 

.8612 

296 

.  .290 

1U26 

31+.2 

tt 

.8021+ 

28U 

H+l+8 

36.0 

tt 

.7762 

28li 

2/3i 

1003 

38.3 

tt 

.71+16 

28  2 

1016 

36.  b 

it 

.7603 

279 

1026 

51+ .5 

tt 

.7737 

272 

.275 

1027 

55.7 

tt 

.771+9 

271 

1131+ 

51.7 

tt 

.81+06 

27k 

1138 

50.8 

tt 

.81+31 

278 

111+2 

52.0 

tt 

•  81+55 

288 

1306 

1+9.7 

tt 

.81+76- 

272 

1308 

1+7.9 

tt 

.81+70 

258 

,265 

1333 

50.6 

tt 

.8309 

271 

37. 


DATE 

MOUNTAIN 

STANDARD 

TIME 

N 

H1 

HORIZONTAL  ESTIMATED 
VISIBILITY  CLOUD 

(Miles)  HEIGHT 

Cos  Z 

X1 

x2  x3 

(10-3cm) 

July  2/51 

moo 

1+9.1 

15 

.826 9 

258 

Hi05 

51.1+ 

t» 

.8226 

273 

lli!3 

51.6 

!1 

.8152 

271 

,260 

11+16 

51.5 

It 

.8123 

270 

1655 

71.8 

It 

•5523 

252 

,251+ 

1700 

75.2 

It 

.51+15 

262 

J uly  3/51 

9i+2 

51+.2 

11 

.7075 

239 

1252 

1+7.6 

ft 

.8600 

261 

lUli6 

53  .h 

II 

.7780 

267 

11+59 

51+ .5 

It 

.7609 

266 

151+0 

60.6 

It 

.6976 

275 

1652 

73.0 

ft 

.5582 

262 

li/51 

932 

59.3 

It 

.6893 

262 

.268 

1008 

55.7 

It 

.71+69 

268 

-271+ 

101+3 

52.1+ 

It 

.7925 

266 

-277 

111+2 

51.6 

tl 

.81+37 

28U 

7/51 

91+8 

51+  .6 

II 

.7125 

2  bh 

1010 

51+ .5 

It 

.71+62 

2  59 

8/51 

H+35 

53.5 

ft 

.7878 

272 

1535 

57.1 

II 

.7026 

255 

E 

-  91+5 

61.7 

It 

.701+8 

28^ 

1027 

57.0 

It 

.7670 

286 

.287 

1055 

55.1+ 

it 

.8001 

291 

1137 

52.9 

II 

.8357 

293 

.283 

1335 

52.7 

It 

.8330 

282 

,282 

38. 


DATE 

MOtfNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL 
VISIBILITY 
(Miles ) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

Xl 

22  X3 

(10~3  era) 

July  9/51 

1453 

57.3 

15 

.7509 

280 

.245 

1546 

62.8 

ft 

.6829 

280 

,246 

1702 

76.7 

tl 

•5430 

263 

271 

10/51 

922 

57.8 

II 

.5321 

240 

.230 

944 

54.5 

II 

.6633 

239 

1015 

51.8 

II 

.7016 

243 

,220 

1054 

49.3 

It 

.7493 

248 

,236 

iiiii 

1+7.7 

It 

.7977 

250 

.232 

1316 

46.7 

.8370 

251 

220 

1350 

48.3 

.8508 

253 

235 

1425 

50.6 

II 

.7971 

257 

-243 

1533 

55.6 

II 

.7040 

247 

,228 

1600 

59.1 

II 

.6568 

244 

235 

1636 

64.2 

tl 

.5864 

235 

229 

1824 

73.5 

If 

.3416 

127 

n/51 

920 

59.1 

II 

.6582 

245 

1038 

53.4 

ft 

.7781 

267 

1132 

5o.o 

II 

.8299 

267 

253 

1436 

53.4 

II 

.7836 

270 

.270 

1542 

59.2 

.6877 

261 

.258 

1647 

69.8 

II 

.5225 

225 

,238 

1833 

114.6 

tl 

.3183 

230 

-245 

12/51 

919 

58.9 

It 

.6541 

242 

1620 

56.6 

II 

.6123 

208 

1637 

65.7 

It 

.5815 

240 

15/51 

1136 

49.8 

12 

.8273 

259 

39 


DATE 

■ 

MOUNTAIN 

STAl'IDARD 

TIME 

N 

N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

2l 

12  X3 

(10“^cm) 

July  15/51 

nia 

1*9.8 

12 

.8299 

252 

1537 

59.1* 

15 

.6916 

261* 

.280 

1611 

63.1 

ft 

.6103 

21*2 

1725 

81.7 

rt 

.1*727 

21*5 

-253 

16/51 

1339 

31.2 

it 

.8281* 

271* 

1501 

53.7 

it 

.71*50 

267 

1632 

65.1* 

tt 

.5861* 

21*0 

17/51 

922 

61.3 

tt 

.71*78 

305 

1028 

51*. l 

tt 

.7557 

261 

112*0 

50.1; 

tt 

.8262 

268 

1551 

59.0 

tt 

.6635 

21*7 

161*0 

71.6 

tt 

.5681 

261 

18/51 

1616 

67.1* 

tt 

.631*1* 

279 

19/51 

1103 

52 .2 

tt 

.7925 

266 

1131 

52.1 

tt 

.8166 

276 

-279' 

11*39 

5M 

tt 

.7691 

268 

.265 

1529 

58.1 

n 

.6978 

25  9 

.262 

I6i*0 

70.6 

it 

.5630 

251 

20/51 

111*0 

53.1* 

tr 

.8209 

286 

121*2 

50.3 

tt 

O 

o 

GO . 

273 

1306 

50.2 

tt 

.8365 

271 

-300 

1332 

1*9.8 

tt 

.82 59 

263 

.260 

11*18 

53.6 

tt 

.7901 

271* 

.262 

1612 

65.1* 

tt 

.6192 

255 

.258 

1725 

83.6 

tt 

.1*522 

238 

,253 

40 


MOUNTAIN 
DATE  STANDARD 

TIME 

N  N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

Xg 

(10“3  cm) 

July  21/51  1029 

55.3 

15 

.7505 

267 

1100 

53.3 

it 

.7859 

272 

111*5 

51.1 

It 

.8222 

271 

1219 

50.2 

It 

.831*7 

270 

155? 

62.8 

It 

.61*57 

259  260 

22  833 

68.5 

tt 

.51*27 

232 

909 

70.1 

tt 

.6161 

283 

938 

66.0 

ti 

,669k 

291 

1019 

52.1* 

tt 

.7339 

21*0  21*0 

1101 

5o.l 

tt 

.781*8 

21*8  238 

1139 

1*8.7 

tt 

.8165 

252  21*0 

121*0 

1*7.3 

tt 

.8361* 

250  21*8 

1313 

1*7.7 

tt 

.8331 

251  21*7 

1332 

1*8.3 

tt 

.8221 

251  21*5 

ll*08 

1*9.6 

tt 

.7959 

21*9  257 

11*1*0 

5i.l* 

It 

.7620 

21*7  21*0 

151*5 

57.7 

tt 

.5893 

203  215 

171*1 

87.2 

It 

.1*217 

230  21*0 

21*  1130 

1*8.1 

ft 

.805? 

21*3  263 

11*21* 

52.1*' 

tt 

.7956 

268  263 

1532 

58.1* 

tt 

.6830 

253  250 

1609 

61*  .6 

tt 

.6166 

253  275 

1732 

90.3 

tt 

.1*382 

251* 

1803 

10l*.5 

tt 

.361*1* 

21*3 

1838 

131.8 

tt 

.2795 

236 

41 


MOUNTAIN  HORIZONTAL  ESTIMATED  X,  X2  X, 

DATE  STANDARD  N  N1  VISIBILITY  CLOUD  Cos  Z  J 

TIME  (Miles)  HEIGHT  (10“3  C!a) 


July  25/51 

1140 

5i.o 

15 

.8105 

265 

271 

UiOO 

50.6 

It 

.7970 

256 

1503 

53.5 

It 

.7256 

244 

1800 

99.9 

tt 

.3694 

232 

26 

HUU 

50.7 

It 

.8114 

263 

264 

1438 

52.4 

tt 

.7560 

250 

1545 

59.2 

ft 

.6562 

244 

1610 

62.9 

H 

.6099 

24l 

240 

1652 

72.1 

It 

.5462 

251 

243 

27 

840 

69.6 

It 

.5451 

238 

914 

63.3 

tl 

.6139 

245 

243 

1435 

53.3 

tt 

.7574 

257 

261 

1514 

58.6 

tt 

.7048 

265 

1545 

62.4 

tl 

.6538 

262 

1635 

70.6 

tt 

.5571 

250 

1743 

93.7 

ft 

.4o4l 

240 

28 

1213 

48.5 

It 

.8199 

251 

247 

1321 

50.1 

It 

.8150 

261 

1458 

56.4 

tl 

.7254 

262 

29 

1243 

5l.o 

tt 

.8214 

270 

270 

1353 

52.3 

tt 

.7936 

267 

1530 

58.0 

ft 

.6745 

247 

1618 

68.8 

If 

.5864 

285 

1730 

88.2 

II 

.4292 

239 

245 

30 

1030 

56.4 

It 

.7307 

264 

257 
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DATE 

MOUNTAIN 

STANDARD 

TIME 

N  N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

% 

(10- 

x2  X3 

"3  cm) 

July  30/51  1106 

53.9 

15 

.7723 

268 

260 

1135 

51.9 

« 

.7966 

265 

260 

131+0 

51.2 

t! 

.8002 

262 

257 

U+U5 

55.0 

It 

.7377 

258 

258 

1624 

68.2 

tt 

.5715 

21+6 

31 

1009 

58.5 

n 

.5857 

205 

1150 

52.2 

ti 

.8038 

271 

273 

1600 

67.0 

ti 

.5351+ 

220 

Aug.  1 

1121+ 

53.0 

it 

.7831+ 

267 

259 

1331 

53.0 

tt 

.791+9 

282 

11+1+0 

53.1 

11 

.7381+ 

21+7 

1535 

60.8 

ti 

.6573 

251+ 

255 

1610 

66.9 

tt 

.5932 

252 

250 

1705 

80.8 

it 

.1+767 

21+1+ 

21+1+ 

2 

911+ 

63.7 

it 

.5982 

238 

21+5 

935 

60.1+ 

it 

.6371 

21+1 

1001+ 

56.0 

11 

.6855 

21+1 

260 

1031+ 

53.2 

ti 

.7283 

21+3 

255 

1111+ 

1+9.2 

tt 

.7723 

236 

1135 

1+9.1+ 

ti 

.7891 

21+5 

.257 

131+1+ 

1+9.1+ 

it 

.7900 

21+5 

1501+ 

55.2 

it 

.7039 

21+1+ 

1602 

63.1 

11 

.6061 

21+0 

3 

81+6 

68.9 

it 

.5387 

231 

231 

1020 

51+.5 

tt 

.7068 

231 

21+0 

43- 


DATE 

MOUNTAIN 
STANDARD  N 

TIME 

N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD  Cos  Z 

HEIGHT 

Xl  x2 

(10”3  cm) 

x3 

Aug.  3 

no? 

51.3 

15 

.7610 

2lt5 

2it5 

ni*o 

1*9. 7 

11 

.7898 

2lt7 

2it6 

1508 

56.5 

11 

•69lt  9 

2lt8 

258 

1602 

66.1 

11 

.6030 

251i 

1738 

93.5 

«i 

.39lt9 

232 

Aug.  h 

935 

59.9 

it 

.6316 

236 

2lt3 

1003 

56.5 

h 

.6786 

21*0 

21*5 

1032 

51*.l 

ti 

•720lt 

21*5 

250 

12U5 

1*9.5 

11 

.8062 

253 

265 

1357 

51.1 

it 

.8060 

261* 

27lt 

7 

1039 

56.6 

it 

.7205 

261 

265 

8 

853 

1*9.6 

71.0 

M 

.5381t 

261* 

1607 

50.5 

69.9 

M 

.5766 

281* 

9 

851 

53.3 

69.6 

M 

.5311 

272 

1130 

53.0 

15 

.7688 

260 

1133 

37.5 

68.9 

L 

.7681 

290 

11*1*2 

56.5 

15 

.7152 

257 

lUUIi 

38.8 

71.2 

L 

.7095 

278 

1610 

67.6 

15 

.5706 

21*3 

27lt 

10 

855 

70.5 

15 

.5363 

237 

21*0 

1135 

29.1 

109.1 

L 

.7665 

256 

Ht3lt 

37.lt 

8l.lt 

L 

.7183 

278 

11 

1U27 

39.lt 

66.9 

M 

.7231 

278 

1627 

lt9.lt 

85.1 

M 

•52lt8 

260 

13 

11*30 

56.lt 

15 

.7105 

255 

256 

II 
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DATS 

MOUNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL 
VISIBILITY 
(Miles ) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

XI 

X2  X3 

(10-3 cm) 

W-13/51 

1600 

68.7 

15 

.5679 

21*7 

.21*9 

H+/51 

84? 

7?  .4 

tt 

.5023 

238 

,  231* 

1125 

53.6 

w 

.71*61 

253 

.250 

~ 

H+36 

57.0 

11 

.7017 

251* 

.252 

1608 

68.9 

it 

.5556 

21*1 

.21*1* 

15/51 

8U8 

1*1*. l 

98.7 

L 

.5050 

232 

1136 

33.5 

75.9 

H 

.7511 

273 

U+35 

qo  9 

J;  *<- 

66,1 

M 

.1*113 

196 

1623 

1*5  .1+ 

96.7 

L 

.5169 

250 

16/51 

lU+7 

37.1 

69.1 

M 

.751*2 

285 

11*25 

57.U 

1? 

.7070 

259 

1427 

35  .1+ 

1*7.6 

M' 

.7050 

272 

1620 

71*. 6 

1? 

.5190 

2i+0 

.252 

1653 

53.2 

61*. 6 

L 

.1*1*75 

232 

17/51 

8)45 

78.1* 

1? 

.1+905 

21*3 

11*1*0 

59.9 

tt 

.6839 

263 

,262 

1605 

73.1 

tt 

.51*65 

256 

.  .260 

20/51 

8U6 

78.5 

8 

.1*833 

221* 

.21*5 

1130 

51*  .5 

1? 

.7286 

251 

.256 

15014 

59.6 

tt 

.6393 

238 

1507 

1*0.3 

66.5 

L 

.631*7 

252 

1618 

73-7 

1? 

.5053 

232 

.236 

21/51 

855 

73.2 

13 

.1*986 

226 

226 

1136 

29.2 

97.6 

H 

.7301 

21*0 

DATE 

MOUNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL 
VISIBILITY 
(Miles ) 

ESTIMATED 

CLOUD  Cos  Z 
HEIGHT 

*1 

X2  X3 

(10-3 cm) 

Aug. 21/51 

1612 

U0.9 

93.1 

M 

.5132 

230 

22/51 

855 

79.1 

15 

.1(71(0 

235 

,2k2 

111(2 

37.1 

67  .U 

L 

.7299 

267 

23/51 

852 

79.5 

15 

.1(850 

255 

„2U8 

nU5 

56.8 

it 

.7280 

265 

.257 

1535 

1(0.7 

71.7 

M 

.6680 

272 

151+6 

70.8 

15 

.551(9 

259 

^253 

25/51 

81(7 

82  .5 

fl 

.1(708 

231 

.21-2 

1126 

57.6 

ft 

.7115 

263 

.261 

■  H(36 

1(2.0 

76.6 

M 

.6605 

270 

25/51 

1611; 

79.1( 

15 

.1(91(9 

25o 

.259 

27/51 

81(7 

61.9 

66.2 

M 

.l(59li 

270 

1137 

U2.2 

67.3 

L 

.7061 

295 

11(28 

U5.5 

72.0 

.M 

.6572 

300 

28/51 

851 

62.3 

59.3 

L 

.5638 

300 

1136 

Ul.9 

67.0 

L 

.7026 

29k 

29/51 

855 

56.li 

83.7 

M 

.51(1(9 

260 

1151 

38.5 

87.5 

H 

.7017 

290 

Hdi7 

U8.7 

67.8 

L 

.5229 

250 

1631 

65.1 

69.6 

L 

.5332 

270 

31/51 

852 

63.6 

67.8  • 

L 

.3163 

202 

lld(7 

1(9.6 

69.3 

L 

.5665 

233 

Sept  .3/51 

900 

80. 1( 

15 

.5578 

230 

,216 

1128 

57.6 

It 

.6718 

253 

.292 

11(32 

U2.7 

77.8 

L 

.6181 

270 

46, 

MOUNTAIN 

HORIZONTAL 

ESTIMATED 

Xi 

x2  x3 

ME 

STANDARD 

VISIBILITY 

CLOUD 

Cos  Z 

Tit-® 

N 

N1 

(Miles ) 

HEIGHT 

i=r 

0 

cn 

l 

0 

rH 

Sept.  3/£l 

1617 

££  8 

*u 

67.9 

L 

.1*361* 

23U 

1+/51 

850 

82.8 

15 

.1*335 

222 

.226 

1125 

56.2 

ti 

.6635 

228 

.250 

1620 

85.6 

ti 

.1*21*2 

226 

.238 

5/5i 

81*7 

50.5 

82.7 

M 

.1*2  30 

223 

1130 

55.9 

h 

.661*1* 

229 

.230 

ll*30 

59.1* 

h 

.6105 

222 

,225 

161*0 

91.7 

ti 

.371*7 

210 

„22I 

6/51 

8U5 

80.8 

ft 

.1*11*5 

201 

.210 

1130 

51*. 9 

it 

.6598 

222 

.217 

11+30 

59.5 

it 

.6053 

220 

,223 

1610 

79.9 

, 

tt 

.1*31*6 

212 

.216 

7/51 

81*5 

81.0 

.1+102 

200 

.207 

1130 

51*. 1* 

.6552 

216 

»2lLt 

H+32 

36.5 

68.1 

M 

.5971 

22b 

1628 

53.2 

67.2 

M 

.3899 

212 

8/51 

81*6 

56.3 

6U.3 

L 

.1*081 

225 

1132 

33.2 

82.9 

- 

M 

.6515 

2bO 

10/51 

81*7 

52.1* 

95.2 

M 

.1*063 

22  9 

lll+l* 

1*1.0 

67.3 

L 

.6507 

272 

11*37 

69.5 

98.8 

M 

.5760 

2l|8 

1616 

62.1 

66.9 

M 

.3938 

2U0 

11/51 

81*7 

61.5 

75.0 

M 

.3973 

2I4.O 

1138 

1*0.8 

65 .0 

L 

.61*15 

252 

1627 

65.1 

68.9 

M 

.3688 

232 

47 


MOUNTAIN 
DATS  STANDARD 

TIME 

N 

N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 
CLOUD  Cos. 
HEIGHT 

XI 

z 

X2  X3 

(10-3  cm) 

1 - 

Sept .12/51 

81*6 

53.0 

96.8 

M 

.391*9 

218 

1132 

37.1 

66,6 

M 

.6328 

237 

11*25 

60.8 

15 

.5792 

213 

,217 

1622 

60.3 

61*. 7 

H 

.3739 

227 

13/51 

900 

81*  .5 

15 

.1*136 

213 

,220 

1135 

58.7 

«» 

.6295 

228 

.228 

11*25 

57.0 

ti 

.571*8 

192 

1605 

87.2 

M 

.1*062 

218 

,223 

H;/5l 

837 

92.0 

1! 

.3622 

200 

,209 

1125 

58.3 

n 

.6186 

220 

.215 

11*25 

61.2 

11 

.5681 

209 

,209 

1617 

87.9 

M 

.3691 

193 

,204 

i  15/51 

850 

78.5 

tt 

.3857 

173 

.180 

1126 

53.6 

It 

* 

.6135 

193 

193 

1651* 

103.1 

It 

.2920 

174 

.205 

17/51 

85o 

81.1* 

12 

* 

.1*177 

201 

.206 

1126 

55.7 

15 

.601*2 

199 

*199 

11*30 

60.0 

ti 

.51*1*1* 

192 

,197 

1615 

88.0 

11 

.3590 

186 

.198 

18/51 

858 

52.0 

67.6 

M 

.3888 

208 

1132 

36.0 

66.5 

M 

.6031* 

222 

11*28 

1*3.8 

68.5 

M 

.51*16 

240 

1621 

69.6 

91.1* 

M 

.3396 

243 

19/51 

81*5 

62.9 

66.3 

M 

.3578 

226 

MOUNTAIN 
DATE  STANDARD 

TIME 

N 

N1 

HORIZONTAL 
VISIBILITY 
(miles ) 

ESTIMATED 

CLOUD  Cos  Z 
HEIGHT 

4B 

*1  X2  x3 

(I0“3cm) 

Sept.  19/51 

ll*l*l* 

1*8.7 

75.1* 

L 

.5131* 

255 

20/51 

81*5 

65.3 

66.5 

L 

.3531 

225 

1130 

61.1* 

15 

.5921 

223 

ll*26 

69.3 

it 

.5326 

229  .255 

1615 

102.6 

H 

.31*06 

2l£  ,226 

i  21/51 

81*9 

66.7. 

63.6 

L 

.3572 

230 

111*6 

1*3.6 

66.6 

L 

.5956 

252 

11*30 

1*9.9 

65.1 

8 

.5823 

280 

1600 

97.6 

15 

.3671 

222  ,2ljO 

22/51 

81+8 

68.8 

61.8 

L 

.3192 

231 

1125 

61*. 2 

15 

.5781 

230  ,2?1; 

li*58 

66.9 

ft 

.1*71*5 

184 

i5oo 

51.1* 

71*. 7 - 

m; 

.1*673 

245 

i5ol* 

76.1* 

1? 

.1*61*8 

218  .  . : 

23/51 

1556 

110.6 

»? 

.3621 

260  265 

2U/51 

857 

67.9 

83.5 

L 

.3588 

248 

1135 

1*6.1* 

67.3 

L 

.571*0 

268 

ll*30 

1*9.9 

75.3 

M 

.5035 

248 

11*38 

73.5 

15 

.1*926 

222 

1606 

70.1 

68.9 

M 

.3350 

233 

26/51 

1132 

1*6.8 

79.8 

L 

.5613 

263 

27/51 

852 

98.0 

15 

.3338 

197  >208 

1135 

61.6 

15 

.5579 

206  .219 

11*31 

69.0 

It 

.1*81*1 

199  ..223 

1608 

98.5 

It 

.3118 

192  .206 

xx.xx  o 
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MOUNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL 
VISIBILITY 
(Miles ) 

ESTIMATED 

CLOUD 

HEIGHT 

1 

Cos  Z 

Xl 

X2  X3 

(10~3 cm) 

.28/51 

81*5 

61.9 

65.1* 

L 

.311*0 

191* 

1135 

39.1* 

67.5 

M 

.5521* 

223 

11*25 

70.2 

15 

.1*81*2 

2)4 

.213 

1608 

103.1 

ft 

.3057 

192 

.208 

29/51 

915 

87.1+ 

it 

.3697 

191 

.200 

111*6 

62.3 

it 

.5525 

207 

.240 

11*1*5 

75.5 

it 

.1*521 

206 

,200 

15U* 

84.0 

tt 

.1*051 

206 

1623 

70.3 

81.0 

H 

.2663 

205 

1/51 

81+0 

112.2 

15 

.2897 

196 

1125 

66.6 

»t 

.5302 

215 

11*25 

71*. 9 

ft 

.1*681 

214 

.222 

1630 

131*.  7 

tt 

.2383 

200 

.215 

2/51 

81*0 

106.8 

ft 

.281*2 

176 

1136 

1*8.1 

63.3 

M 

.5312 

21*7 

1500 

83.2 

it 

.1*101* 

209 

1613 

71*. 8 

99.5 

H 

.2700 

222 

3/51 

81*2 

80.1 

59.5 

L 

.2836 

222 

111*2 

69.6 

15 

.5287 

228 

.243 

11*25 

81.9 

it 

.1*561* 

234 

<235 

1612 

131.2 

tt 

.2660 

193 

1+/51 

81*6 

82.8 

65.6 

L 

.2927 

21*0 

1126 

50.3 

71*. 5 

L 

.5201 

260 

5/51 

858 

100.0 

1/2 

.3026 

148 

1150 

1*9.0 

71.6 

L 

.5107 

255 

bet 
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MOUNTAIN 
DATE  STANDARD 

TIME 

N 

N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD  Cos 

Xi 

z 

X2 

(10-3cm 

x3 

) 

Oct .  $751 

n+25 

52.5 

72.1 

L 

.4443 

235 

1616 

86.  h 

63.8 

L 

.2452 

214 

6/51 

81|0 

125.6 

4 

.2644 

188 

.222 

7/51 

1506 

88.1 

15 

.3698 

19ii 

.205 

8/51 

1014 

78.3 

ti 

.4206 

200 

202 

lUl+7 

81.3 

i» 

.3941 

189 

198 

9/5 1 

848 

113.0 

12 

.2663 

170 

197 

1142 

67.5 

15 

.4953 

19ii 

.210 

3-427 

79.5 

11 

.3882 

179 

,208 

10/51 

1130 

71.1 

ti 

.4833 

207 

,213 

11+28 

83.3 

* 

15 

.4099 

207 

217 

1605 

134.4 

11 

.2380 

180- 

,212 

n/51 

851 

72.9 

78.1 

H 

.2627 

210 

1127 

71.4 

15 

.4761 

199 

213 

1433 

83.9 

ti 

.3965 

195 

,207 

12/51 

1135 

50.5 

65  .U 

M 

.4750 

- 

233 

1440 

90.9 

it 

.3806 

207 

,.218 

1616 

158.1 

11 

.2020 

193 

1  13/51 

848 

87.7 

68.3 

L 

.2183 

204 

15/51 

846 

95.7 

68 .0 

M 

.2316 

236 

1125 

55.3 

8l.li 

L 

.4524 

250 

1435 

71.8 

66.ii 

L 

.3703 

264 

1  16/61 

1146 

56.1 

67.0 

L 

.4574 

247 

1432 

67.7 

6U.7 

L 

.3681 

238 

17/51 

1447 

73.6 

67.U 

L 

.3404 

242 
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DATE 

MOUNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

X1 

(10- 

*2 

"5  cm) 

X3 

Oct  18/51  1123 

88.9 

8 

.1*31*7 

2U1 

256 

11*27 

67.8 

71.9 

L 

.3632 

21*0 

19 

852 

95.7 

65.3 

M 

.221*1 

226 

1130 

82.1 

1? 

.1*333 

219 

11*3? 

62.0 

79.2 

L 

.31*6? 

220 

1616 

175.0 

13 

.1603 

170 

23 

11*32 

105.1 

13 

.3277 

211 

227 

2? 

81*7 

101.8 

79.6 

H 

.2839 

312 

111*7 

91.3 

s 

.1*080 

220 

.2U0 

11*35 

112.5 

13 

.3128 

226 

-229 

26 

81*5 

161.2 

l? 

.1732 

169 

111*2 

86.3 

l? 

.1*001* 

211 

111*6 

35.1 

83.6 

H 

.1*022 

230 

11*39 

73.7 

69.5 

M 

.3009 

225 

1607 

115.1* 

68.5 

*  M 

.21*08 

313 

30 

1132 

67.1* 

79.3 

L 

.371*6 

25U 

1557 

158.1* 

l? 

.11*10 

120 

31 

81*5 

179.0 

l? 

.1306 

163 

1128 

105.9 

13 

.3676 

250 

11*31 

131*.  1 

l? 

.2836 

2U9 

261 

l?5l 

212.1 

l? 

.11*82 

208 

Nov*  1 

900 

210.2 

6 

.1732 

23U 

121*1* 

98.3 

1? 

.3716 

228 

237 

11*1*2 

79.1* 

68.2 

H 

.2650 

222 

3 

1153 

56.1* 

37.6 

L 

.3622 

198 
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DATE 

MOUNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

Xl 

x2 

(10“3  cm’ 

x3 

) 

Nov  5 

11*30 

117.0 

15 

.2621 

181 

151*5 

178.6 

15 

.1361 

liil 

6 

852 

158.9 

It 

.1357 

113 

1130 

55.5 

76.5 

M 

.3381 

195 

7 

900 

165.7 

It 

.11*65 

137 

1133 

10l*.7 

II 

.331*7 

161 

178 

ll*21 

81.0 

93.1 

M 

.261*5 

235 

8 

901 

157.7 

15 

.11*35 

122 

111*0 

105.6 

15 

.3329 

218 

230 

11*31 

138.1* 

15 

.21*67 

21U 

233 

9 

910 

209.1 

15 

.1557 

225 

111*0 

111.1* 

15 

.3282 

232 

11*1*5 

153.5 

15 

.2225 

221 

10 

1157 

71.1* 

66.8 

M 

.3306 

235 

12 

11*1*9 

167.1* 

15 

.2036 

219 

13 

1151* 

7U.0 

86.3 

L 

.311*3 

2l*0 

ll*35 

98.6 

76.5 

L 

.2198 

21*0 

15' 

1133 

8  9.9 

68.1 

L 

.2992 

271 

16 

919 

192.5 

it 

.11*06 

138 

1127 

121*.  9 

10 

.2905 

2lh 

2U5 

17 

912 

208.9 

15 

.121*1* 

163 

19 

1133 

102.6 

12 

.2857 

162 

21 

1138 

120.3 

15 

.2758 

202 

11*28 

151.0 

15 

.1995 

183 

22 

1130 

11*0.3 

15 

.2682 

252 

270 
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MOUNTAIN 
DATE  STANDARD 
Til® 
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N1 

HORIZONTAL 

VISIBILITY 

(Miles) 
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CLOUD 

HEIGHT 

Cos  Z 

X1  x2 
(10“3  cm) 

X3 

Nov  22/51  11(30 

170.8 

15 
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211 

23 

1130 

128.8 

15 

.261,8 

212 

2U7 

27 

111,2 

11*5.9 

15 

.2561, 

2H3 
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28 

1132 

103.3 

83.1 

M 

.21,85 

289 

11*1,2 

191.7 

15 
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198 

29 

1135 

138  .U 

15 

.21*67 

216 

30 

1125 

150.2 

15 

.2383 

230 

266 

Dec  1 

1139 

95.6 

72.1, 
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.21,30 

21,8 
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1135 
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1? 

.2293 

229 

26h 

1U30 
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167.9 

15 
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6U.1 
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162.7 
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DATE 

MOUNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

*1 

X2 

(10-3  cm) 

x3 

Jan  3/52  1120 

159.6 

1? 

.2028 

186 

li*30 

205.1 

tt 

.1709 

215 

1* 

113U 

185.0 

t! 

.211*5 

250 

li*l*2 

207.9 

tt 

.1590 

198 

5 

1138 

103.9 

68.9 

M 

.2183 

278 

8 

1137 

116.8 

78.1* 

L 

.2232 

305 

9 

1133 

117.8 

72.0 

M 

.2223 

316 

Uj30 

220.8 

15 

.1715 

263 

10 

1131* 

205.3 

15 

.2251 

329 

12 

1135 

187.1* 

15 

.2268 
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,280 
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1? 
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110.0 

80.0 
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i* 

.21*93 
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1116 
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15 
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139.6 

10 
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11*30 
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.2339 
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11*37 
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MOUNTAIN  HORIZONTAL  ESTIMATED  X.  1  X. 

DATE  STANDARD  N  N1  VISIBILITY  CLOUD  Cos  Z  1  2  3 

TIME  (Miles)  HEIGHT  (10-3  Cm) 


Jan  29/52  1131* 

126.7 

is 

.2873 

232 

11*1*9 

153.8 

tl 

.2383 

238 

30 

9h5 

222.5 

II 

.11*97 

228 

lil*l 

125.9 

II 

.2962 

2U0 

11*1*1 

98.8  72.5 

M  .2522 

31 

101*9 

170.8 

is 

.2501 

300 

111*0 

136.8 

II 

.2997 

27 6 

1255 

127.3 

It 

.321*2 

273 

Feb  1 

lll*3 

97.9  71.2 

L  .3056 

2 

91*0 

232,1 

is 

.1528 

2U8 

111*3 

132.2 

15 
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273 
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118.8 

11 
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11 
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DATE 

MOUNTAIN 

STANDARD 

TIME 

N 

N1 

HORIZONTAL 

VISIBILITY 

(Miles) 

ESTIMATED 

CLOUD 

HEIGHT 

Cos  Z 

Xi  x2  x3 

(10  -3  cm) 

Feb  12/52  928 

232,1 

15 

.1768 

293 

1136 

128.1* 

11 

.3551* 

311 

1U28 

135.9 

11 

.3312 

306 

13 

1135 

125.2 

it 

.3591 

30 5 

11*35 

133.3 

it 

.3300 

311* 

lit 

1136 

119.3 

n 

.3656 

291* 

11*31 

129.1* 

it 

.3381* 

291* 

18 

1122 

132.8 

11 

.3762 

3l*9 

11*28 

133.0 

11 

.3639 

331* 

19 

1150 

116.6 

11 

.1*035 

322 

H*l*o 

110.1* 

11 

.3550 

252 

20 
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125.2 

11 

.1*031* 

351* 

11*1*6 
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11 

.3531* 

31*3 

21 

11*35 

135.7 

3 

.3717 

328 

22 
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2 

.1*086 

331* 

11*27 

127.6 

k 

.3863 

327 

23 
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103.8 

5 
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2k 

1208 

95.0 

15 
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11*1*2 

113.7 

it 
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288 
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9U.2 

ti 

.1+31*1* 

272 

26 
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79.1* 

L 
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1355 

99.6 

15 
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MOUNTAIN 
DATE  STANDARD 
TIME 

Feb  28/52  1128 
lM*2 
29  1132 

1502 


HORIZONTAL  ESTIMATED  Xx  X2  Xo 

N  N1  VISIBILITY  CLOUD  Cos  Z 

(Hies)  HEIGHT  (10-3  cm) 


105.2  15  .h393  3 lb 

11U.6  "  .U022  313 

102.3  "  -UU87  310 

92.6  68.0  L  .3809 
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VII  Yearly  Distribution: 


Fig.  13  shows  the  10-day  means  for  all  the  ozone  values  which  were 
obtained  from  Direct  Sun  Observations*  The  curve  connecting  these  values 
for  the  year  1951  is  shown  as  a  solid  line*  The  overlapping  portions  are 
for  August  2  to  December  31,  1950,  (dashed  curve),  and  January  1  to  Feb. 
29,  1952,  (dotted  curve). 

The  shape  of  the  1951  curve  is  roughly  sinusoidal,  with  a  maximum 
occuring  in  the  months  February  to  July,  and  a  minimum  in  September  to 
December*  The  portions  of  the  1950  and  1952  curves  shown  also  seem  to 
follow  this  pattern,  A  slight  maximum  was  observed  in  the  month  of 
December,  which  Fritz  and  Stephens  also  noticed  at  Washington,  but 
were  unable  to  account  for  (17) . 

Although  our  curve  cannot  be  called  average  for  Edmonton,  without 
several  more  years  of  observations,  the  shape  and  amplitude  are  typical 
for  this  latitude.  This  is  shown  by  a  curve  for  Oxford,  England,  52°  N, 
after  Dobson,  which  is  reproduced  on  Fig.  13,  suitably  labelled.  The 
maximum  and  minimum  values  fall  in  approximately  the  same  months,  and 
are  of  the  same  order  of  magnitude.  Dobson1  s  curve  was  obtained  from 
observations  taken  over  4  years,  compared  to  our  from  19  months,  and 
therefore  does  not  show  as  great  irregularities.  Particularly  noticeable 
are  the  high  10-day  mean  value  in  March  1951,  and  the  low  value  near  the 
end  of  December  1951.  A  look  at  the  weather  maps  for  these  two  periods 
indicated  large  scale  invasions  of  polar  air  over  the  prairie  provinces 
during  the  March  high,  and  a  period  in  December  during  which  Edmonton 
seemed  ” caught”  in  large  low-pressure  areas. 
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VIII  Ozone  Distribution  in  the  Edmonton  Area  and  the  Weather  Map* 

(a.)  Previous  studies  of  short  period  fluctuations: 

Since  1925,  workers  have  been  aware  of  large  variations  in  the 
amount  of  ozone  from  one  day  to  the  next*  Sometimes  these  variations 
are  so  large  that  the  difference  between  maximum  and  minimum  values 
in  a  given  month  is  larger  than  the  difference  between  the  maximum  and 
minimum  monthly  means  for  the  entire  year.  By  comparing  his  ozone  values 
with  the  surface  weather  maps  Dobson  was  the  first  to  detect  a  close 
relationship  between  the  amount  of  ozone  and  the  pattern  of  isobars  ( IS) • 

In  his  method  he  first  drew  isobars  to  represent  a  typical  cyclone  or 
anticyclone.  Then  for  each  normal  cyclone  and  anticyclone  which  occurred, 
the  ozone  values  for  each  station  were  entered  in  their  appropriate  position 
according  to  the  pressure  distribution.  Except  for  slight  variations, 
other  workers  have  tended  to  follow  Dobson’s  original  method.  Me ©than  (19) 
extended  Dobson’s  work  for  cyclones,  and  later  Dobson,  Brewer  and  Owilong 
(20),  amplified  the  earlier  results  by  separating  lows  into  ’’young 
depressions”  and  ”old  occluded  depressions”. 

Tonsberg  and  Olsen  (21),  observing  in  Tromso,  Norway,  also  related  their 
ozone  data  to  surface  low  pressure  systems.  Their  technique  is  worth 
mentioning,  as  it  was  closely  followed  in  recent  work  done  by  Fritz  and  Stevens 
(22)  at  Washington.  On  each  day  during  which  one  or  more  ozone  observations 
were  made,  the  1800  GMT  surface  weather  map  was  examined.  If  a  well- 
developed  low  centre  was  present,  and  if  the  observing  station  lay  inside 
a  cyclonic  isobar,  it  was  considered  to  be  under  the  influence  of  the 
cyclone.  Two  intersecting  perpendicular  lines  were  drawn  on  a  sheet 
of  translucent  paper.  This  paper  v/as  placed  on  the  weather  map 


.  f 


. 

* 


- 


’* 


. 

* 

1 

' 

■'  . 

■ 

* 


with  the  intersection  over  the  low  centre,  and  the  perpendicular  lines 
tangent  to  the  latitude  and  longitude  lines  through  the  low  centre.  The 
position  of  the  observing  station  relative  to  the  centre  of  the  low,  was 
then  marked  on  the  paper,  and  the  departure  of  the  daily  average  ozone 
value  from  the  annual  curve,  was  noted  beside  that  point. 

(b)  Method  Used  for  the  Edmonton  Observations: 

The  method  of  correlation  used  in  this  thesis  was  developed  after  two 
attempts  by  the  method  just  described  failed  to  produce  any  worthwhile 
results.  For  every  ozone  value  obtained  through  the  day  by  the  direct- sun 
method,  the  synoptic  weather  map  for  the  time  nearest  to  the  ozone  obser¬ 
vation  was  examined.  For  much  of  the  19  months  the  ozone  observations  were 
made  every  5  hours  through  the  day,  to  coincide  with  the  time  of  observation 
for  the  synoptic  maps.  A  curved  line  was  drawn  on  a  piece  of  tracing  paper 
to  represent  the  cold  front  of  a  typical  warm-sector  cyclone.  Another  curved 
line  representing  approximately  the  warm  front  was  drawn  on  the  paper, 
mainly  to  locate  the  centre  of  the  low  pressure  system.  Then,  if  Edmonton 
appeared  to  be  influenced  by  a  low  pressure  system  (using  the  criterion 
of  Tonsberg  and  Olsen),  the  tracing  paper  was  placed  on  the  weather 
map,  with  the  intersection  of  the  cold  and  warm  fronts  over  the  low 
centre  on  the  map,  and  the  cold  front  coinciding  as  nearly  as  possible 
with  the  one  on  the  map.  The  position  of  Edmonton  relative  to  the  frontal 
system  was  noted,  and  the  departure  of  that  particular  ozone  value, 

(not  the  daily  average),  from  the  curve  of  10-day  averages  was  noted 
beside  that  point.  Isozones,  or  lines  of  constant  ozone  content,  could 
then  be  drawn  on  top  of  the  frontal  pattern  for  every  0.010  cm.  of 
departure  from  the  mean  value.  The  results  obtained  by  this  method  for 
our  19  month  period  of  operation  are  shown  in  Figs.  l4  to  22.  Only  two 
or  three  months  were  shown  on  one  diagram  to  avoid  crowding,  and  so 
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that  any  seasonal  features  would  show  up.  Three  hundred  and  forty- 
three  low  pressure  systems  were  analysed  in  this  manner.  During  the 
investigation  just  outlined*  certain  features  of  high  pressure  systems, 
with  respect  to  the  ozone  values  at  Edmonton,  were  noticed.  It  was 
possible  on  three  occasions  to  study  the  fluctuations  of  ozone  as 
particular  high  pressure  systems  passed  over  Edmonton*  These  were  of 
three  common  types:  a  large  polar  air  mass,  Fig.  2^,  an  anticyclone 
that  developed  over  the  Pacific  Ocean,  Fig.  24,  and  a  round  flat 
high  which  could  have  been  formed  through  separation  from  either  of 
the  other  two  by  a  low  pressure  trough.  Fig.  25.  They  were  examined 
with  the  hope  of  shedding  some  light  on  the  possible  source  of 
the  ozone  fluctuations  in  this  district.  The  ozone  values  at  Edmonton 
and  the  date  and  time  when  the  observations  were  made,  were  plotted 
relative  to  the  position  of  the  system,  while  Edmonton  was  under 
its  influence. 

IX  Discussion  of  Results: 

The  curves  for  Edmonton  shown  in  Fig.  15  suggest  that 
meridional  advection  of  ozone  is  the  largest  cause  of  the  annual 
maxima  and  minima.  It  is  known  that  ozone  increases  toward  the 
pole,  with  a  possible  maximum  at  a  latitude  of  about  60°N  (2^). 

Edmonton,  latitude  55°^?  is  close  to  this  region.  It  is  also  toward 
the  interior  of  a  large  land  mass,  and  to  the  east  of  a  range  of  mountains. 
Therefore  low  pressure  weather  systems  brought  in  from  the  Pacific  by 
the  prevailing  air  currents  are  reformed  east  of  the  Rockies  and  frequently 
pass  over  Edmonton  as  young  vigorous  systems  with  a  strong  northerly 
circulation  of  a.ir  behind  them.  Because  of  Edmonton’s  inland  location. 
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the  fronts  associated  with  such  systems  have  large  temperatures 
gradients,  especially  those  of  the  polar  continental  type*  Thus  the 
spring  maximum  could  result  from  the  strong  flows  of  northern  air  which 
accompany  the  well-developed  weather  systems  at  this  time  of  year,  itfhen 
the  Polar  front  is  farthest  south.  In  the  fall  this  front  has  receded 
well  north  of  Edmonton,  and  our  ozone  values  appear  to  be  generally 
low.  These  findings  support  the  views  held  by  other  workers. 

The  investigation  which  will  be  discussed  next  gives  more  infor¬ 
mation  on  the  cause  of  ozone  fluctuations,  and  show  that  the  horizontal 
advection  which  appears  to  shape  the  annual  curve  can  also  be  one  of  the 
main  causes  of  the  daily  fluctuations. 

Pigs,  14  to  22  indicate  that  the  cold  front  of  a  low  pressure 
system  is  very  nearly  the  boundary  between  regions  of  above-average, 
and  below-average  ozone  departures.  This  was  also  observed  by  Tonsberg 
and  Olsen  (24),  who  had  results  only  for  the  months  of  March  to  May, 

1936  to  1939*  The  warm  front  does  not  seem  to  have  particular 
significance,  and  the  negative  departures  may  extend  well  ahead  of  the 
warm  front  at  ground  level.  The  jump  to  higher  ozone  values  immediate¬ 
ly  behind  the  cold  front  suggests  that  the  increase  of  ozone  is 
connected  with  the  northerly  circulation  of  air  which  is  present  in  that 
area.  There  are,  however,  several  cases  of  circular  isozones,  which 
suggest  that  increases  of  ozone  can  occur  in  an  air  mass  which  is  not 
connected  with  a  polar  source,  and  that  some  other  process  acts  with 
the  meridional  advection  to  cause  the  observed  distributions. 

A  seasonal  feature  which  can  be  noted  on  these  figures  is  the 
spotty  nature  of  the  distributions  during  periods  of  low  ozone  on  the 
annual  curve.  However,  the  contrast  of  ozone  values  across  the  cold 
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front  is  still  quite  pronounced.  In  many  cases  the  change  within  a 
5-hour  period  is  as  great  as  the  difference  between  succeeding  10- 
day  averages.  These  rapid  fluctuations  and  their  correlations  would 
be  lost  if  a  daily  average  and  one  map  per  day  were  compared. 

In  the  investigation  of  the  three  high  pressure  systems,  several 
important  features  were  noticed.  The  polar  air  mass  (Fig,  25 )  was  very 
strong,  and  produced  the  highest  ozone  values  of  the  season.  The  value 
seemed  to  be  still  increasing  at  the  time  of  the  last  observation 
which  it  was  possible  to  take  while  Edmonton  was  under  the  influence 
of  the  air  mass.  For  the  last  observation  plotted,  the  main  polar 
air  mass  was  almost  past  Edmonton,  and  it  was  impossible  to  confirm 
this  suspicion. 

The  high  pressure  system  which  extended  in  from  the  Pacific, 

Fig,  24,  did  not  produce  as  great  a  contrast  across  the  polar 
maritime  front  associated  with  it,  but  it  did  show  values  decreasing 
to  the  rear,  as  observed  by  Dobson  and  others  (25),  in  a  similar 
maritime  air  mass. 

This  effect  was  also  noted  in  Fig.  25  for  the  circular  high,  which 
showed  the  least  ozone  increase  across  the  front  of  the  three  high  systems 
studied.  These  results  suggest  that  the  second  cause  of  increase  in 
ozone  (besides  advection,  which  seems  well  established),  is  the  subsidence 
which  is  known  to  take  place  toward  the  west  side  of  a  low  pressure  centre. 
In  this  region  the  tropopause  is  comparatively  low  and  warm,  as  in 
far  northern  latitudes.  Meet  ham  has  shown  that  at  Oxford  large  amounts 
of  ozone  accompany  a  lowering  of  the  tropopause  and  a  warming  of 
the  stratosphere  between  12  and  18  Km,  (26).  At  these  low,  protected 
levels  photochemical  processes  cannot  cause  the  observed  increases. 
Therefore,  they  must  result  from  redistribution  of  the  ozone  already 
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present,  through  advection  and  vertical  motion,  A  uniform  subsidence 
of  the  lower  stratosphere  would  carry  ozone  down  from  upper  levels  to 
lower  levels  where  it  would  persist  for  some  time.  In  the  upper  levels, 
photochemical  processes  could  make  up  the  deficiency.  The  subsidence 
would  also  produce  a  convergence  effect,  which  would  lead  to  a  net 
increase  of  ozone  in  a  vertical  column. 

This  theory  was  put  on  a  firm  basis  in  1949  by  Reed  (27) ,  who  showed 
that,  of  all  the  cases  of  large  positive  ozone  changes  which  he  invest¬ 
igated,  nearly  half  could  be  accounted  for  by  the  horizontal  convergence 
which  goes  with  vertical  motion.  The  rest  he  attributed  to  advection 
and  localized  subsidence  in  the  tropopause,  as  suggested  earlier.  The 
results  of  this  thesis  indicate  that  Reed’s  theory  is  applicable  to  the 
observed  ozone  distribution  in  the  Edmonton  district.  From,  the 
correlations  made  with  low  pressure,  systems,  it  seems  that  advection  and 
horizontal  convergence  work  together  almost  equally,  except  in  such 
extreme  cases  as  an  intense  polar  outbreak,  or  a  slow  moving  high.  The 
significance  of  the  cold  front  with  respect  to  our  observed  ozone  values 


seems  to  be  well  established 
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Electrical  Circuits 


Figures  26  -  Photomultiplier  Power  Supply, 

27  -  Amplifier  Power  Supply  and  Charging  Circuit, 

28  -  Amplifier  Circuit, 


» 


5"> 


Amplifier  Sower  Supply  with  Charging  Circuit 


Amplifier  Circuit 
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